Purdue University

Purdue e-Pubs
Open Access Theses

Theses and Dissertations

5-2018

Micro-Scale Waste Heat Recovery from Stationary Internal
Combustion Engines by Sub-Critical Organic Rankine Cycle
utilizing Scroll Machinery
Alejandro C. Lavernia
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses

Recommended Citation
Lavernia, Alejandro C., "Micro-Scale Waste Heat Recovery from Stationary Internal Combustion Engines by
Sub-Critical Organic Rankine Cycle utilizing Scroll Machinery" (2018). Open Access Theses. 1413.
https://docs.lib.purdue.edu/open_access_theses/1413

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.

MICRO-SCALE WASTE HEAT RECOVERY FROM STATIONARY
INTERNAL COMBUSTION ENGINES BY SUB-CRITICAL ORGANIC
RANKINE CYCLE UTILIZING SCROLL MACHINERY
by
Alejandro C. Lavernia
A Thesis
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of
Master of Science in Mechanical Engineering

School of Mechanical Engineering
West Lafayette, Indiana
May 2018

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Eckhard Groll, Chair
School of Mechanical Engineering
Dr. James Braun
School of Mechanical Engineering
Dr. Greg Shaver
School of Mechanical Engineering
Approved by:
Dr. Jay P. Gore
Head of the Graduate Program

iii

For my Family and Friends.

iv

ACKNOWLEDGEMENTS
I would like to thank Professor Groll for his support and guidance throughout my time as a master’s
student in his group. His drive for research is inspirational and I am truly grateful that he is willing
to demonstrate it on a day to day basis to me and all of his students.
I would also like to thank Bryce Shaffer and Kunal Bansal of Air Squared Inc. for the opportunity
to work with them on an exciting and challenging project. I’m grateful for your trust and guidance
throughout my studies.
To Dr. Davide Ziviani, it has been an absolutely amazing ride with such a fantastic mentor and
friend. You are a thermodynamics master and I am always thankful for your advice.
To my good friends from the Herrick Labs: Riley, Cai, Nick, Li, Steven, Haotian, Xinye, Vatsal,
Nelson, and Leon, thank you for always helping me with my work or helping me to avoid it.
Special thanks to Nigora Garfur for her drive to complete our test stand in one summer.
I would also like to thank the Herrick Staff: Orkan Kurtulus, Frank Lee, and Ron Evans who helped
tremendously in constructing the ORC test stand. I am especially thankful to Frank Lee for the
countless hours of work and the technical guidance he gave to me along the way.
Lastly, I would like to thank ARPA-E for the funding and oversight of the project. It was a great
chance to learn about technical research and developmental programs.

v

TABLE OF CONTENTS
LIST OF TABLES ........................................................................................................................vii
LIST OF FIGURES ..................................................................................................................... viii
NOMENCLATURE ...................................................................................................................... xi
ABSTRACT ................................................................................................................................ xiii
CHAPTER 1: INTRODUCTION .................................................................................................. 1
1.1: Motivation ..............................................................................................................1
1.2: System Overview ................................................................................................... 4
1.3: Thesis Organization ............................................................................................... 7
CHAPTER 2: LITERATURE REVIEW....................................................................................... 8
2.1: Previous ORC Research......................................................................................... 8
2.2: Objectives ............................................................................................................ 14
CHAPTER 3: CYCLE DESIGN AND MODELING ................................................................. 15
3.1: Organic Rankine Cycle Architecture .................................................................. 15
3.2: Cycle Modeling and Optimization ......................................................................17
CHAPTER 4: EXPERIMENTAL TEST STAND ..................................................................... 33
4.1: Test Stand Design ............................................................................................... 34
4.2: Experimental Test Stand ..................................................................................... 36
4.2.1: Existing Test Stand System and Control Overview .................................. 37
4.2.2: Principal ORC Components ...................................................................... 41
4.2.3: Supporting Systems ................................................................................... 50
4.2.4: Instrumentation, Measurement, and Data Reduction ................................ 65
4.2.5: Future Improvements ................................................................................ 73
CHAPTER 5: EXPERIMENTAL RESULTS ............................................................................. 74
5.1: Scroll Pump Testing .............................................................................................74
5.2: Spinning Scroll Expander Testing ...................................................................... 78
5.2.1: Spinning Scroll Test Matrix ...................................................................... 78
5.2.2: Working Fluid Comparison ....................................................................... 80
5.3: Oldham Scroll Expander Testing ........................................................................ 84
5.3.1: Oldham Ring Test Matrix ......................................................................... 85
5.3.2: Oldham Ring Expander Results ................................................................ 86

vi
5.4: Expander Comparison ......................................................................................... 89
CHAPTER 6: CONCLUSIONS ................................................................................................. 93
LIST OF REFERENCES ............................................................................................................. 95
APPENDIX A: ORC COMPONENT SPECIFICATIONS ......................................................... 98
APPENDIX B: DETAILED EES MODEL ................................................................................100
APPENDIX C: EXPERIMENTAL TESTING DATA .............................................................. 106
APPENDIX D: LIST OF PUBLICATIONS ............................................................................. 110

vii

LIST OF TABLES
Table 3.1: Basic Cycle Constraints and Values ........................................................................... 19
Table 3.2: Possible Internal Combustion Engine and Generators with Operating Parameters ... 32
Table 3.3: Detailed ORC Simulation Performance Results with ICE Generators ....................... 32
Table 4.1: Scroll Expander Machinery Design Parameters ......................................................... 42
Table 4.2: Scroll Pump Machinery Design Parameters ............................................................... 49
Table 4.3: Sensor Operating Ranges and Uncertainty ................................................................. 67
Table 4.4: Relative Uncertainty in Output Values ....................................................................... 73
Table 5.1: Spinning Scroll Expander Testing Conditions ............................................................ 79
Table 5.2: Oldham Ring Scroll Expander Testing Conditions ..................................................... 85

viii

LIST OF FIGURES
Figure 1.1: Solar Overproduction Potential ................................................................................... 3
Figure 1.2: GENSETS Energy Flow with ORC Waste Heat Recovery ........................................ 5
Figure 1.3: ORC Architecture ........................................................................................................ 6
Figure 3.1: ORC Architecture Schematic ..................................................................................... 16
Figure 3.2: Basic Model T-s Diagram Example Output .............................................................. 20
Figure 3.3: Basic Model T-s Diagram with Ammonia Water ..................................................... 22
Figure 3.4: Basic Model T-s Diagram with R1233zd(E) ............................................................. 23
Figure 3.5: Basic Model T-s Diagram with R245fa ..................................................................... 24
Figure 3.6: Floating Point Model Methodology .......................................................................... 26
Figure 3.7: Discretized Solving Method for Evaporator .............................................................. 29
Figure 3.8: Two-Dimensional Evaporator Temperature Array .................................................... 30
Figure 3.9: Example T-s Output from Detailed ORC System Model .......................................... 31
Figure 4.1: Experimental Test Stand ............................................................................................ 33
Figure 4.2: Existing Test Frame Disassembled ............................................................................ 35
Figure 4.3: Final CAD Setup of Experimental Test Stand ........................................................... 36
Figure 4.4: Existing Experimental Test Stand Photo (Font View) .............................................. 37
Figure 4.5: Existing Experimental Test Stand Photo (Top View) ............................................... 38
Figure 4.6: Existing Experimental Test Stand Photo (Side View) .............................................. 38
Figure 4.7: Existing Experimental Test Stand Photo (Alt Side View) ......................................... 39
Figure 4.8: Experimental Test Stand Process and Instrumentation Diagram .............................. 40
Figure 4.9: Scroll Compression Process Diagram ....................................................................... 42
Figure 4.10: Oldham Ring Scroll Compressor Diagram .............................................................. 43
Figure 4.11: Oldham Ring Expander with Magnetic Coupling ....................................................44
Figure 4.12: Oldham Expander Internal Components .................................................................. 44
Figure 4.13: Spinning Scroll Incremented Process ...................................................................... 45
Figure 4.14: Spinning Scroll Expander with Magnetic Coupling ................................................ 45
Figure 4.15: Prototype Micro-Tube Evaporator .......................................................................... 46
Figure 4.16: Microchannel Condenser on Test Stand .................................................................. 48
Figure 4.17: Plate Heat Exchanger Assembly Illustration ........................................................... 49
Figure 4.18: Airflow booster with Cross Section ........................................................................ 52

ix
Figure 4.19: Process Compressed Airflow Meter Sensing Unit .................................................. 52
Figure 4.20: Tutco-Farnam Process Heater ................................................................................. 53
Figure 4.21: Wiring Diagram for Heating System ....................................................................... 54
Figure 4.22: Two-dimensional thermocouple array ..................................................................... 55
Figure 4.23: Variable Speed Fan and Associated Airflow Curves ............................................... 56
Figure 4.24: Thermocouple Connection in “T” configuration ..................................................... 57
Figure 4.25: Isolated Pressure Transducers .................................................................................. 57
Figure 4.26: High temperature Ball Valves ................................................................................. 58
Figure 4.27: High temperature Needle Valve .............................................................................. 59
Figure 4.28: Oversized Liquid Receiver and Sight Glass ............................................................ 60
Figure 4.29: Expander and Generator Coupling .......................................................................... 61
Figure 4.30: Braking Circuit with VFD, Transistor and Braking Resistor .................................. 61
Figure 4.32: Generator and Braking Circuit Wiring Diagram ..................................................... 63
Figure 4.33: Pump Motor Coupling ............................................................................................. 64
Figure 4.34: DAQ with Acquisition Cards ................................................................................... 68
Figure 5.1: Scroll Pump with Bypass Delivered Mass Flow vs Pressure Drop ........................

75

Figure 5.2: Scroll Pump with Expander Delivered Mass Flow vs Pressure Drop ....................

76

Figure 5.3: Induced Pressure Ratio vs Pump Rotational Speed ................................................

77

Figure 5.4: Pump Volumetric Efficiency Performance ............................................................

78

Figure 5.5: Expander Shaft Power Output as Function of the Pressure Difference Across the
Expander for Different Rotational Speeds and Working Fluids .................................................. 81
Figure 5.6: Expander Isentropic Efficiency ............................................................................... 81
Figure 5.7: Expander Filling Factor Spread ..............................................................................

82

Figure 5.8: Evaporator Heat Transfer Rate as Function of the Working Fluid Mass Flow Rate and
Different Rotational Speeds ............................................................................................. 83
Figure 5.9: Thermodynamic Cycle Efficiency as a Function of Pressure Ratio .......................

84

Figure 5.10: Oldham Ring Expander Power Output ................................................................... 86
Figure 5.11: Oldham Ring Expander Isentropic Efficiency ........................................................ 87
Figure 5.12: Oldham Ring Expander Filling Factors .................................................................. 89
Figure 5.13: Power Output Comparison between Spinning Scroll and Oldham Ring Expanders
........................................................................................................................................... 90

x
Figure 5.14: Isentropic Efficiency Comparison between Spinning Scroll and Oldham Ring
Expanders ......................................................................................................................... 91
Figure 5.15: Filling Factor Comparison between Spinning Scroll and Oldham Ring Expanders
........................................................................................................................................... 92

xi

NOMENCLATURE
SYMBOLS
!!

-

Filling Factor [-].

ℎ

-

Specific Enthalpy [kJ/kg].

$̇

-

Mass flow rate [kg/s].

&̇

-

Heat Transfer Rate [kW].

'() -

Rotational Speed [RPM].

*+,-./012/3

Built-in Volume Ratio [-].

4

-

Uncertainty [-].

5

-

Specific Volume [m3/kg].

6

-

Volume [m3]

7

-

Specific Work [kJ/kg].

8̇

-

Power [kW].

9

-

Efficiency [-].

:

-

Effectiveness [-]

;

-

Density [-].

<

-

Torque [in-lbf].

SUBSCRIPTS
=>*

-

Air.

?=@A

-

Calculated.

?BCD -

Condenser.

AEA

Cycle.

-

F5=G -

Evaporator.

HIG

-

Expander.

JK

-

Heat Exchanger.

>C

-

Inlet.

>CL

-

Intermediate state.

>M

-

Isentropic.

)H=M -

Measured.

xii
$HAℎ -

Mechanical.

$>C

-

Minimum.

CHL

-

Net (Combined Power In/Out).

BNL

-

Outlet.

'HOHC -

Regenerator.

Mℎ=PL -

Shaft.

1ML

-

First Law.

2CD

-

Second Law.

xiii

ABSTRACT
Author: Lavernia, Alejandro, C. MS
Institution: Purdue University
Degree Received: May 2018
Title: Micro-Scale Waste Heat Recovery from Stationary Internal Combustion Engines by SubCritical Organic Rankine Cycle Utilizing Scroll Machinery.
Committee Chair: Eckhard Groll
The movement towards renewable energy sources has created new challenges for energy
production and has promoted the concept of distributed energy production. High efficiency
Generators for Small Electrical and Thermal Systems (GENSETS) provide a viable solution to
residential-scale power production at low cost. In an effort to improve the energy production
efficiency of small scale internal combustion engine generators, a waste heat recovery (WHR)
bottoming cycle can boost the operating efficiency of such systems by up to 7%.

Organic Rankine Cycle (ORC) technology is a popular method of achieving WHR from low
temperature heat sources. However, the application of ORC systems using the high-temperature
exhaust stream of ICE generators as heat input is currently unexplored. Thermodynamic modeling
of a sub-critical ORC system proved its viability as a bottoming cycle for ICE generators. The
simulations also enabled the selection of the optimal working fluid for the specified application
given the system restrictions. The refrigerant R245fa was selected for its high-temperature
chemical stability and thermal efficiency. Detailed modeling that reflected the selected ORC
components then provided insight into system performance with a range of ICE generators and
further proved the system’s viability.

The high temperature application required the creation of several prototype components to create
an efficient ORC WHR system. By utilizing a novel evaporator heat exchanger, it is possible to

xiv
establish a cycle with high superheat in an effort to minimize exergy destruction in the evaporation
heat transfer process. Additionally, the sub-critical architecture of the ORC benefits from custom
scroll-type expander and pump that match the designed pressure and volume ratios. However, the
prototype ORC components required further development and testing and therefore, an
experimental test stand was constructed to perform component evaluation and system performance
measurement. Using the test stand, it was possible to evaluate two different types of scroll
expander: the Oldham ring orbiting scroll, and the spinning scroll. A performance comparison is
presented and the strengths and weaknesses of each are considered. Additionally, a performance
comparison between the working fluid R245fa and its HFO replacement R1233zd(E) is presented
in an effort to evaluate the feasibility of a working fluid change.

The work performed on evaluating the different scroll machines presents a good first step in the
successful development of an ORC bottoming cycle for ICE generators. Through further
development, ORC WHR will become more feasible and assist in the goal of distributed energy
production.
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CHAPTER 1: INTRODUCTION
1.1: Motivation

As the world population grows and economic interactions increase, so too does the reliance and
demand for energy. Between the years of 1987 and 2007, energy consumption in the United States
increased 33%. This sharp rise in energy demand drove the energy crisis into the public eye.
According to the U.S. Energy Information Administration, energy generation in 2007 for the U.S.
consisted of 85.9 BTUx1015 being produced by fossil fuels and only 6.52 BTUx1015 coming from
renewable sources. The large amount of fossil fuels being burned to meet the energy demand in
the U.S. is also directly linked to pollutants entering the atmosphere and causing global warming.
According to NASA, the concentration of CO2 in the atmosphere has increased by 11% between
the years of 1987 and 2007 and is still continuing to grow with current values at 410.16 ppm. These
pollutants are also affecting the global temperature, which in 2007 caused an increase of 0.5 °C
over the 1951-1980 average temperature. The dramatic pollution increase and inherent danger
because of it caused an enormous global effort to minimize the production of pollutants and move
towards renewable energy sources.

Since 2007, the U.S. Department of Energy’s (DOE) Energy Efficiency and Renewable Energy
program has increased their funding from $1.1 billion to $2.9 billion in 2017. This radical change
in public policy is a direct result of the public opinion’s push to solve the energy crisis. Since 2007,
the amount of energy consumed in the U.S. has decreased from 101.0 BTUx1015 to 88.8 BTUx1015
in 2017. Additionally, renewable energy now makes up 11.0 BTUx1015 of the energy production.
Breaking down the renewable energy sources, hydro-electric, geothermal, and biomass power have
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remained constant between the years of 2007 and 2017, contributing 2.47, 0.21, and 4.93
BTUx1015, respectively in the year 2017. However, solar and wind energy have increased
dramatically in the past decade. In 2007, solar and wind energy were responsible for 0.065 and
0.341 BTUx1015, respectively. One decade later, in 2017 solar and wind are now responsible for
0.57 and 2.096 BTUx1015, respectively.

Wind and solar power sources are becoming more prevalent in their use across the country and
can be seen used in the wind farms in North-Eastern Indiana, or in the solar installation at
Indianapolis International Airport. However, the introduction of these renewable energy sources
creates new challenges for energy production. With grid infrastructure designed for centralized
energy production, distribution of these renewable energy sources becomes very difficult without
large capital investment. Similarly, transmission losses from solar and wind energy sources
complicate energy distribution. Due to these inherent challenges of renewable energy sources,
distributed power generation is a highly investigated area of research that is seeing significant
technological steps forward. Systems, such as large flow batteries, and projects, such as direct
current residential installations, are popping up in an effort to solve the challenges created by the
use of these renewable energy sources. Despite these efforts, many such endeavors find themselves
relying heavily on grid energy supplementation due to the intermittency of the renewable energy
source. Both solar and wind power production are subject to irregular production throughout the
day and must be supplemented to meet energy requirements. In particular, solar energy causes
significant challenges by producing large amounts of energy during the off-peak demand hours
during the day and very little after 6:00 pm when the demand is the highest. With commercial solar
options available on a residential scale, solar overproduction may cause serious challenges and
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begin to waste energy. This potential and scale of growth is shown in Figure 1.1, which is also
known as a “duck curve”. While having a large amount of supplemental energy is not inherently
bad, the decreasing solar supply in conjunction with the increased demands at peak hours of 6:00
to 8:00 pm cause an increased energy production ramp. Typically, this energy is drawn from the
grid to meet demand, but centralized energy production plants are slow to respond to changes in
demand and could cause a deficit in energy during peak hours.

Figure 1.1: Solar Overproduction Potential.
While centralized energy production plants are ill-suited to respond to quick changes in energy
demands, smaller residential generators for small electrical and thermal systems (Gensets), may
provide a viable option for meeting demand. Residential gensets are already commercially
available and are widely utilized for energy production. Given the movement towards distributed
energy production and the lack of an immediate replacement for internal combustion engine (ICE)
power production, small high-efficiency systems will become a central point of energy production.
The DOE program ARPA-E has a large program focused on distributed energy generation and
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within that program a project on small Gensets. The research presented here falls within that
project and has the goal of:
“[D]evelop[ing] transformative generator technologies to enable widespread deployment of
residential combined heat and power (CHP) systems. These small, natural gas-fueled systems can
fulfill most of a US household's electricity and hot water needs, and if widely used could increase
the overall efficiency of power generation in the US, and reduce greenhouse gas emissions.”
(ARPA-E, 2018).

Gensets have much faster response rates to power demand and coupled with their high efficiency
of producing power provide a cleaner supplement to intermittent renewable sources. While
Gensets are commercially available, it is important that these systems operate at the highest
efficiencies possible to help improve overall production efficiency. A supplemental waste heat
recovery (WHR) unit has the potential to push standard Gensets into efficiencies ranges that can
easily eclipse the performance of centralized power production.

1.2 System Overview

With the objective of creating a small-scale WHR system that is universally applicable for use
with Gensets, Organic Rankine Cycle (ORC) technology emerges as a strong candidate. The ORC
is a thermodynamic cycle capable of producing work output from a heat source. ORC systems
differ from traditional Rankine cycle heat engines by the use of a refrigerant as the working fluid
instead of water. This allows for significantly different thermodynamic characteristics during the
evaporation and condensation processes and therefore miniaturization of the system. Pairing the
ORC system with Gensets technology allows for a higher power output from the system as a whole
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and less heat rejection to the ambient. The energy flow diagram for the proposed system is
presented in Figure 1.2. Note how the ORC WHR system allows the Gensets to achieve a thermal
efficiency of 40% by feeding back 1 kW of power to the power output.

Figure 1.2: GENSETS Energy Flow with ORC Waste Heat Recovery.
The overall system is to be designed as a compact unit that can be installed in a residential
application. The compactness places size restrictions on the components within the ORC system.
In the case of micro-scale power production, a small scroll-type expander is selected for its
durability and versatility in the ORC architecture. The expander is fit to the supporting architecture
as shown in Figure 1.3. The ORC will feature a high temperature evaporator, which recovers heat
from the exhaust gasses of the Gensets units and evaporates the working fluid. To maintain the
operation of the ICE generator, an evaporator with minimal pressure drop across the exhaust gas
side is selected. Additionally, the system features a regenerator for improvement in thermal
efficiency and an air-cooled condenser for heat rejection to the ambient.
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Figure 1.3: ORC Architecture.
The proposed ORC system combines several cutting-edge prototype components to create a novel
ORC system capable of waste heat recovery from Gensets units. To develop the proposed ORC,
the prototype components must be characterized and evaluated. The scroll expander represents the
largest investment for development and the biggest challenge for optimization. Much work is
placed in characterizing the expander to better understand system performance and provide insight
for future expander generations.

A successfully developed ORC WHR system can help move Gensets towards higher energy
production efficiency and have a positive impact on renewable energy. The research presented
here demonstrates the promise of such a system as well as the challenges that stand in the way of
final development.

7

1.3 Thesis Organization
This document is organized in the following manner:
•

Chapter 2 presents a literature review of ORC systems relevant to the development of a
small-scale ORC WHR system using a volumetric expander.

•

Chapter 3 describes the thermodynamic modeling of the ORC for the purpose of design
and performance prediction.

•

Chapter 4 details an overview of the experimental test stand, data collection, and
processing.

•

Chapter 5 elaborates on the results obtained from the experimental work performed.
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CHAPTER 2: LITERATURE REVIEW

2.1: Previous ORC Research

To support the direction of the ORC development, a comprehensive literature review was
performed. The proposed ORC system falls into three categories relevant to the literature: smallscale systems, waste-heat recovery, and volumetric expanders. Many systems cross into one or
two of these categories and allow for insight into challenges and designs to consider for the
proposed system. Understanding the concurrent work being performed on ORC technology allows
for development into an unexplored area in which we can contribute information.

Waste Heat Recovery

The principal category into which the proposed ORC system falls is waste heat recovery because
this is the core function of the system. Waste heat recovery (WHR) by ORC is a highly investigated
concept due to the inherently “free” energy. ORC WHR systems are already in place in many
industrial applications. For example, a 200 kW ORC generator is installed and operated at a
chemical industrial plant in Taiwan (Lee et al., 2017). This system is based off low grade waste
heat, 82 °C, but produces 193.75 kW of power at a thermal efficiency of 4.701% and has been
running for over 20,600 hours without major faults. Large scale applications have been shown to
produce large amounts of power from waste heat while operating at lowered thermal efficiencies.
Similarly, a 1.4 MW ORC WHR system is employed in a steel mill in Brescia, Italy (Ramirez et
al., 2017). The system operates at higher temperature heat input through flue gasses, similar to the
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proposed application and is therefore able to achieve 21.7% thermal efficiency at a waste heat
input temperature of 529.6 °C. These high temperature results are promising for the proposed
application where high efficiencies are required. To widen the effectiveness of an ORC WHR
system, an off-design analysis was performed on a ORC system coupled to a 65 kW gas turbine
(Benato et al., 2017). The results show that at design point to the limit of ±40% power input, the
ORC is capable of producing a linear correlation between heat in and power output up to the
described limit. The off-design results are corroborated by a study investigating a control strategy
for maintaining efficiency at off-design conditions (Aláez et al., 2017). The study focuses on WHR
from NG compression and controls the system to maintain a ±3.7% second law efficiency. The
system’s successful operation at off-design conditions suggests that the proposed ORC system
should operate consistently within a range of heat sources. This supports the idea that the ORC
WHR system can be applied to multiple ICE generators and still operate reliably.

WHR systems are not limited to the industrial sector and have found other applications, such as
the waste heat recovery from a ship engine coolant jacket (Sellers et al., 2017). The WHR system
produces 125 kW from the low grade thermal waste heat of 80-95 °C, recovered from the engine
cooling jacket. Given this system’s heat rejection to the ocean water, performance was
significantly affected by the temperature of the ocean water during operation. Additionally, the
author notes that the system sees very little operation during short trips due to lack of heat buildup.
Despite the system’s effective operation at steady state, it is critical to consider the start up and
shut down practices of an ORC system when considering its effectiveness. This transient effect of
waste heat temperatures is investigated for industrial processes in a techno-economic analysis to
evaluate the effectiveness of installing such a system (Pili et al., 2017). The investigation reveals
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that waste heat quality can fluctuate as much as ±25%, which significantly affects the performance
of the ORC system. The research suggests the implementation of a thermal buffer to absorb the
transient changes of the waste heat. It is clear that transient effects of waste heat are critical to the
operation of an ORC and the transient temperature fluctuation of the heat source should be
considered in system designs. These results are corroborated by a study investigating the use of
ORC WHR from batch, gas-fired coffee roasting (Pantaleo, 2017). In this case, it is found that the
intermittency of the heat source degrades the ORC performance enough to make it economically
infeasible. Given the proposed ORC system’s operation with power generation ICEs, and the ICEs
operation at steady state for the majority of the time, the ORC performance should be minimally
degraded, but start-up losses should be considered during operation.

Volumetric Expanders

The next category into which the proposed ORC system falls is systems in which volumetric
expansion devices are used. Volumetric expanders are typically used on small-scale systems for
their compactness and simplicity. The scroll expander to be used here is also highly investigated
in the literature and many studies present the operation and challenges associated with the use of
such a machine. For example, an oil-free 5 kW scroll expander is characterized by Suman et al.
(2017). This study focusses on the numerical characterization of a scroll expander and the internal
fluid flow using CFD simulation. The study demonstrates large torque fluctuations, from 2-8 Nm,
during a single expander rotation. The authors surmise that the large torque fluctuations are due to
the wrap configuration and could be minimized through expander re-design. Alternatively, it is
common to convert a commercial scroll compressor into an expander. An analysis of such a
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converted machine reveals that system performance is reduced compared to purpose-built
machines but performs best with the working fluid R245fa (Cambi et al., 2017). Purpose-built
scroll expanders are also investigated and while promising, prototypes are only achieving
volumetric efficiencies of 35% (Kosmadakis et al., 2017). The investigated expander shows large
amounts of leakage at lower expander speeds, which significantly degrade expander performance
at these conditions. This phenomenon is worth considering in that the designed swept volume rate
must match the mass flow rate such that lower expander speeds do not lead to large leakage. Since
scroll type expanders suffer from leakage, it is important to understand these leakage paths. A CFD
investigation into the radial and axial leakages in a 10 kW scroll expander provides insight into
their operation (Song et al., 2017). The study indicates that axial leakage flow is directly related to
the clearances and pressure drops between the sequential scroll wraps. These parameters are fixed
for most applications and machines, which suggest that simply minimizing the leakage gaps may
minimize this leakage. However, when considering radial leakage, the analysis indicates that a
scroll machine capable of operating up to 8000 RPM sees much lower radial leakage at higher
rotational velocities. The lower residence time and moving boundary decrease the leakage rate
allowing for higher volumetric efficiencies. When considering the proposed ORC system, it should
be noted that lowering the expander rotational speed will have adverse effects on the volumetric
efficiencies when operating at off-point design conditions.

Relative to the semi-empirical model used to simulate the proposed ORC system, an investigation
into the extrapolability of the model allows for confirmation of an accurate system representation.
The study investigates the dual stage semi-empirical model used in most ORC expander
simulations which features an intermediate expansion pressure (Dumont et al., 2017). The study
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demonstrates that the model operates with a mean error lower than 5% when the intermediate
pressure is 41% of the maximum pressure ratio. This value is used for all future modeling when
utilizing the semi-empirical model. Also, the model’s extrapolation only extends to reducing the
rotational speed of the expansion machine. It is found that the model does not effectively predict
performance at speeds below 27% of the nominal rotational speed. This characteristic provides a
lower bound for expander speed testing. The nominal rotational speed of 3600 RPM suggests that
the lowest rotational speed that should be considered is 972 RPM. To this end, testing is therefore
limited to the range of 1200-3600 RPM.

Small-Scale ORC Systems

The final category into which the proposed ORC system falls is the small-scale ORC system
because of the unique challenges that arise due to the cycle sizing. For example, an investigation
of a small-scale, low-grade 1.2 kW ORC using a piston-reciprocating expander reveals that smallscale systems are very susceptible to performance fall off (Bianchi et al., 2017). With power output
ranges from 300-1200 W, the ORC performance reported is similar to the expected performance
from the proposed ORC system. However, the ORC is shown to have linearly decreasing output
power as the superheat of the working fluid, R134a, increases. This presents caution to the ORC
design and suggest minimizing the superheating of the system. However, the diminishing work
output is a characteristic of the working fluid. An optimization of a small-scale ORC with
R1233zd(E) presents that the isobaric lines of R1233d(E) allow for higher work output when
highly superheated (Lavernia et al., 2017). This characteristic can be exploited in the proposed
ORC system, but the limitations with R245fa and R134a should also be considered. An additional
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consideration for small-scale ORC systems is the comparatively large size of inefficiencies that
limit thermal efficiency. A research study featuring a small-scale rotary vane expander within the
design of three small-scale ORC systems, from 1.1-6.5 kW, reports that the smaller ORC systems
suffer from the fact that the mechanical inefficiencies are larger in comparison to the work output
(Masuch et al., 2017). The investigation finds that system with the requirement of outputting 2 kW
should be sized at 150% of the design power output to compensate for the losses the small-scale
system experiences. Following this concept, the ORC considered in this study is sized at 1.5 kW
to overcome these inherent losses. Another system that is closely linked to the proposed ORC
system is an experimentally investigated 1 kW low-temperature ORC system that features a scroll
expander (Unamba et al., 2017). This system similarly investigates the effects of varying operating
conditions on the ORC performance. Work output from the ORC is linearly dependent on the
operating pressure ratio and ranges from 100-550 W power output with a 140 °C thermal input.
Also included in the study is a breakdown of the exergetic losses experienced within the ORC
components. As expected, the highest exergy destruction occurs in the evaporator at 50-85%, then
the expander at 10-25%, the condenser at 7-15%, and lastly the pump at 1-5%. This analysis
supports the design choices for the ORC system and highlights the importance of the balance
between the high superheating in the evaporator to minimize exergy loss while still maintaining
power output.
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2.2: Objectives

As shown above, WHR systems using ORC technology are a widely researched area with many
publications and organizations revolving around them. Therefore, it is important to define the
objectives of this research to expand the knowledge base.

First, the proposed ORC system has a significantly different application than most WHR systems:
ICE exhaust heat recovery. By applying the ORC technology to high-grade waste heat, the bounds
of ORC technology are stretched to the limits. This research investigates if the technology can still
function at high enough efficiencies to be worth pushing temperatures to the upper limits. Second,
the presented ORC experimentation investigates the use of various new components, such as a
micro-tube boiler and a novel scroll pump, within the ORC system. High temperature input and
large temperature differences across the evaporator increase heat transfer rates and allow for a
more compact heat exchanger design. The research of high temperature applications with subcritical ORC architecture has the potential to open new avenues for ORC design and application.
Third, two different working fluids, namely R245fa and R1233zd(E), are investigated for their use in the
proposed ORC system. Their performances are compared and conclusions of which one to use are given.
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CHAPTER 3: CYCLE DESIGN AND MODELING

To achieve the objective of designing a small-scale waste-heat-recovery ORC system,
consideration began at the cycle design level and required a thermodynamic model to evaluate
design options. Potential designs were evaluated based on the maximum achievable thermal
efficiencies and power outputs. These values were calculated by a thermodynamic model
developed in Engineering Equation Solver (EES) software. In addition to modeled predictions,
design considerations from previous test stands and the literature, such as working fluid
operational hazards, operational safety, and material compatibility, contributed to the selected
design of the ORC.

3.1: Organic Rankine Cycle Architecture

An ORC is a heat engine that operates using an “organic” working fluid, such as R245fa,
R1233zd(E), or a mixture of ammonia and water. To facilitate the heat engine operation, there are
four primary components of an ORC. The most important is an active expansion device capable
of harnessing gaseous expansion energy and converting it into usable power output. Additionally,
an active liquid pumping device is required to convert low pressure liquid to high pressure liquid.
Lastly, two heat transfer devices, an evaporator and a condenser are required to achieve phase
changes such that the active devices may process the correct phase fluid. The layout of the ORC
and fluid process are detailed in Figure 3.1.
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Figure 3.1: ORC Architecture Schematic.
The unique characteristic of the ORC system considered in this study is the high inlet temperature
of the waste heat recovery stream. As mentioned, ORC waste heat recovery systems typically
operate off low-grade heat sources between 100 and 200 °C. However, this system is designed to
operate with much higher waste heat inlet temperatures of over 500 °C. To efficiently achieve heat
transfer from the source fluid to the working fluid, it is important to minimize the temperature
difference over which the heat transfer process takes place. In most ORC applications, this
temperature difference is typically between 5 and 50 °C but for this application the design
condition will have temperature differences closer to 200 °C. This large temperature difference
creates inherent heat transfer inefficiencies but can be minimized for optimal operation given the
working conditions. To help minimize the exergy destruction within the evaporator, the working
fluid must be superheated to high temperatures. The high temperatures required suggests the use
of a natural refrigerant since it will not experience chemical disassociation. Several working fluids
were considered for optimal performance and are discussed later.
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An additional internal heat transfer process is sometimes seen in ORC systems, which is a heat
exchanger designated as a “regenerator”. A regenerator works to increase the thermal efficiency
of the ORC by preheating the working fluid before the evaporator and cooling the working fluid
after the expander, before the condenser. By incorporating this internal heat exchanger, the amount
of evaporating and condensing heat is reduced, which in turns improves the thermal efficiency of
the cycle; assuming that the power output remains the same. However, a regenerator is typically
not found within waste heat recovery ORC systems since it reduces the potential for heat recovery
from the waste heat stream. By increasing the inlet temperature of the working fluid in the
evaporator, the minimum possible waste heat outlet temperature is increased and therefore, less
heat can be extracted from the heat source. Despite the detrimental effect of a regenerator to the
heat transfer from the hot heat source, a regenerator was deemed necessary for this application for
two reasons. First, given the high waste heat inlet temperatures of ~600 °C, and the estimated
evaporator inlet temperatures of 45 °C or 95 °C without or with a regenerator, respectively, the
required evaporator effectiveness to see ORC system performance improvements with the 45 °C
evaporator inlet temperature is larger than a conservative estimate. Second, the improvement of
the thermodynamic cycle efficiency from ~10% to ~15% by using a regenerator represents a
significant increase compared to the lost input heat transfer rate. For these reasons, the regenerator
was selected to be included within the final ORC architecture which is shown in Figure 3.1.

3.2: Cycle Modeling and Optimization

To understand the performance and aid in the design process, a thermodynamic model was created
to predict the performance of ORC systems as they would operate within the given conditions. The
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model was created in the software Engineering Equation Solver (EES), which provides fluid state
values using a built-in library. EES functions using a Newton-Raphson solving mechanism to
allow multiple equations to converge by iterating from guess values.

Thermodynamic Cycle Model

A thermodynamic cycle model was created using several assumptions when representing the
thermodynamic processes that make up an ORC. First, all modeling was performed at steady-state
operation. Considering that the operation of the final ORC system will be on stationary power
generation units, a steady state assumption is realistic. Second, all flow regimes are considered to
be one-dimensional and maintain uniform properties throughout the processes. Third, for modeling
simplification, pressure drops in heat exchangers were selected as finite amounts based on values
found in the literature. This assumption eliminated the need to iterate on pressures at state points
and simplified the modeling with minimal error introduced as a result. Pressure losses within the
piping are not considered due to their short line lengths. Finally, the compression and expansion
process are assumed to occur at constant isentropic efficiencies also selected based on values found
in the literature. This assumption relies heavily on the accuracy of the selected isentropic
efficiencies, but with conservative values can be considered a good baseline for design.

The thermodynamic cycle model was established using a variety of inputs that constrain the cycle.
The constraints are listed in Table 3.1 along with the ranges of values that were considered when
designing the cycle.
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Table 3.1: Constraints of Thermodynamic Cycle Model.
Thermodynamic Constraint
Exhaust Temperature
Ambient Air Temperature
Expander Isentropic Efficiency
Pump Isentropic Efficiency
High Side Pressure
Low Side Pressure
Refrigerant Mass Flow Rate
Expander Inlet Temperature
Pump Subcooling

Values
500 °C
25 °C
50 %
40 %
2400 kPa
500 kPa
3.5, 27.5, 15 g/s
450, 175, 250 °C
5 °C

In addition to the physical constraints, a heat transfer model was adopted in order to simulate the
heat transfer in the evaporator, condenser and regenerator. The evaporator and condenser were
modeled with designated temperature pinch points of 50 and 10 °C, respectively. The large pinch
in the evaporator is an assumption that is later shown to be fairly accurate because of the large
temperature difference to the heat source fluid. The regenerator has the purpose to heat the high
pressure, subcooled liquid from the pump outlet state to saturated liquid. An additional check was
run to ensure that no pinch point violations occur in the regenerator. Through these parameters,
the heat transfer processes were defined, and physical characteristics of the heat exchangers were
calculated to be used for design selection.
The model utilizes the calculated state points with indexed enthalpy and entropy values to output
thermal efficiency, power output, power input, heat transfer rates, and exergetic efficiency. A
typical output of the modeling effort is shown in Figure 3.1, which shows the ORC state points
and the heat input and output stream temperatures in a T-s diagram as well as key model outputs.
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Figure 3.2: Example of ORC State Points and Heat Input and Output Stream Temperatures in a
T-s Diagram based on Model Outputs.
Working Fluid Selection

The working fluid of an ORC is central for design and performance expectations. Given the
developed thermodynamic cycle model, it was then possible to evaluate different working fluids
and determine their suitability for this application. When considering possible working fluids,
there were several parameters by which they were evaluated: ORC performance, operational
hazards, and system cost.

The first working fluid evaluated for use in the ORC is a mixture of ammonia and water at a
concentration of 50-50% by mass. The mixture of ammonia and water offers several advantages
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for ORC operation in this application. First, the fluid consists of two natural refrigerants, which
can be heated to very high temperatures that would help eliminate heat transfer losses in the
evaporator and allow for more heat input. Second, the ammonia-water mixture experiences a
temperature glide as it changes phase, which can allow for smaller heat exchanger pinch points
and improve heat transfer efficiencies. Lastly, ammonia and water are easily sourced and
inexpensive when considering production. The ORC state points with ammonia and water as the
working fluid and the heat input and output stream temperatures in a T-s Diagram are shown in
Figure 3.3.

However, the ammonia-water mixture has the distinct disadvantage of the ammonia’s toxicity. In
addition, ammonia’s material incompatibility with copper products complicates the system design
by eliminating copper as a possible connective material. Additionally, operating an ORC unit with
ammonia creates operator health risks from exposure during leakage. Furthermore, concerns were
raised by Air Squared (the developer of the expander machine and research sponsor) that building
a prototype expander to work at the high input temperatures enabled by the use of the ammoniawater mixture would seriously increase the cost and complexity of any developed expander
machinery. In consultation with Air Squared, it was agreed upon that the maximum expander inlet
temperature should not exceed 350 °C. Therefore, the performance gains of using the ammoniawater mixture as the working fluid to reach higher temperatures during the evaporation heat input
process is negated and organic refrigerants were considered next.
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Figure 3.3: ORC State Points with Ammonia and Water as the Working Fluid and Heat Input and
Output Stream Temperatures in a T-s Diagram.
In the next step, the refrigerant R1233zd(E) was considered for use within the high-temperature
ORC. R1233zd(E) is a relatively new refrigerant and a member of the hydrofluoroolefin (HFO)
class of refrigerants. Designed to maintain the performance of hydrofluorocarbon (HFC)
refrigerants, HFOs contain a carbon double bond within them to reduce their global warming
potential (GWP) by allowing them to dissociate in the atmosphere. However, in this application,
the use of an HFO significantly limits the maximum operating temperature of the working fluid.
R1233zd(E) begins to dissociate at 175 °C and therefore, limits the superheating allowed in the
evaporator. Despite its temperature limitations, R1233zd(E) presented a competitive
thermodynamic performance and is evaluated throughout the design process to contribute to the
understanding of HFO’s performance in comparison to HFCs for ORC systems. The ORC state
points with R1233zd(E) as a working fluid and the heat input and output stream temperatures in a
T-s diagram are shown in Figure 3.4.

23

Figure 3.4: ORC State Points with R1233zd(E) as the Working Fluid and Heat Input and Output
Stream Temperatures in a T-s Diagram.
To retain the thermodynamic performance of R1233zd(E) while allowing operation at higher
temperature, it makes sense to consider the HFC refrigerant R245fa, which has similar
thermodynamic characteristics to R1233zd(E). However, while R1233zd(E) has a GWP of 0,
R245fa has a GWP of 1030, which presents a larger negative impact on the environment. It should
be considered that in certain markets, such as the European market, the use of of HFC refrigerants
is infeasible due to governmental policy. Despite the negative environmental impact, R245fa was
selected as the working fluid for this ORC to facilitate higher temperature heat transfer, while
maintaining the thermal efficiency of an organic working fluid.

R245fa has very similar properties to R1233zd(E) and the ORC state points as well as the heat
input and output stream temperatures are shown in a T-s diagram in Figure 3.5. However, in
contrast to the HFO refrigerant, R245fa exhibits diminishing returns as the superheating before the
expander increases. This is because of the intrinsic isobaric property lines; R245fa experiences a
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decrease in potential power output as the superheat increases, while R1233zd(E) maintains the
potential power output as superheat increases. This creates a challenge in designing the evaporator
since an optimal balance point between power output and heat transfer efficiency much be reached.
Unfortunately, due to the nature of the developed thermodynamic model, such an analysis was
impossible. However, a more detailed model is developed for more realistic performance analysis
and does allow for an evaluation of these design characteristics using parametric studies.

Using the evaluation criteria mentioned before: ORC performance, operational hazards, and cost,
R245fa was found to perform thermodynamically at the required efficiencies and power output,
presents minimal operational hazards from fluid properties, and incurs minimal cost in the US
market. For these reasons, as well as R245fa’s well documented performance and characteristics,
it was selected as the final operating fluid for use in the designed ORC.

Figure 3.5: ORC State Points with R245fa as the Working Fluid and Heat Input and Output
Stream Temperatures in a T-s Diagram.
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It should be noted that several other working fluids, such as R134a, a mixture acetone and CO2,
and different concentrations of the ammonia–water mixture, were considered but found infeasible
due to seriously reduced performance. To this point, they were eliminated without further
investigation.

Detailed System Performance Model

Once the cycle design was completed, a detailed performance model was built in EES to better
represent the expected ORC system performance for various heat input rates. The detailed
performance model was developed using the same assumptions as the thermodynamic cycle
model, but instead of defining the ORC state points the model uses physical parameters from the
components to solve for the state points. The “floating point” method of solving for the ORC state
points utilizes the EES built-in iterative solver to converge on a solution as shown in Figure 3.6.
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Figure 3.6: Floating Point Model Methodology.
The floating-point method allows the model to predict cycle state points for varying heat input
rates and calculate the expected performance as a result.
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A new simplified semi-empirical expander model is adopted that calculates expander power
output, isentropic efficiency, and over or under expansion processes. The model uses an assumed
mechanical efficiency, supplied intermediate pressure, and the internal volume ratio to define two
separate processes within the expander. The first process is assumed to occur as an isentropic
expansion to the volume ratio of the expander. The second process occurs at constant volume and
accounts for any over or under expansion processes. The equations used to model these processes
are shown below, Equations (3.1) - (3.5).

!̇ #$%,'() = +̇#$%,'() ,#$%,'()

(3.1)

,#$%,'() = -ℎ#$,'() − ℎ#$% 0 + 2#$% -3#$% − 345%,'() 0

(3.2)

2#$% = 67,89:;<=:> 2#$,'()

(3.3)

!̇ ?@AB%,'() = !̇ #$%,'() CD'E@,'()

(3.4)

C#?,'() = Ḋ

ḞGHIJK,LMN =Ȯ IPQ
RSK,LMN -@RS,LMN =@TUK,RG,LMN 0

(3.5)

Similarly, a new physical model is introduced for the condenser, which can solve for the condenser
outlet state and predict the heat transfer rate in the condenser based on the working fluid inlet state,
the physical parameters of the heat exchanger, the expected air flow rate, and assumed heat transfer
coefficients obtained from literature. The working fluid outlet state is a critical parameter. If it
was not found to be sub-cooled, it required a manual change of the pumped mass flow rate. The
model was previously developed at the Herrick Laboratory and modified for use with the ORC
performance model developed here.
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The pump model was not altered since the accuracy of such a model has little impact on the
accuracy of the overall system model. This allowed for manual input of the ORC working fluid
mass flow rate, which is assumed to be controllable via the pump speed.
The regenerator heat exchanger was modeled using a pinch-point analysis. A finite volume
analysis iterated based on the two working fluid inlet conditions and determined the outlet states
once a given pinch point value was achieved.

The evaporator heat exchanger model represented the largest challenge to the modeling of the
ORC system. The novel micro-tube evaporator presented new modeling challenges, which were
not addressed in the literature. The micro-tube evaporator is configured as a bank of tubes with
perpendicular airflow across them. Using the Žukauskas and Ulinskas correlation (Incropera et al.,
2011) for heat transfer rates over a bank of tubes, a two-dimensional heat transfer model was built
to predict the heat transfer performance at the design conditions. Taking a single series of tubes, it
is possible to discretize the heat exchanger and solve for the temperatures of the refrigerant and air
at various points across the heat exchanger. Additionally, a summation of the calculated heat
transfer rates gives the total heat transfer rate within the heat exchanger. A Jacobi point-by-point
solving method is used to discretize the heat exchanger and functions as shown in Figure 3.7.
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Figure 3.7: Discretized Solving Method for Evaporator.
The solver uses cell to cell temperature differences and heat transfer correlations to solve for cell
temperatures as shown in Equations (3.6) – (3.9).

̇ ∆YA#W = Z∆[-YW'B − YA#W 0
VA#W

(3.6)

̇ ∆YW'B = −Z∆[-YW'B − YA#W 0
VW'B

(3.7)

]

∆YA#W = ^ -YA#W (` + 1, b) − YA#W (` − 1, b)0
]

∆YW'B = ^ dYW'B (`, b + 1) − YW'B (`, b − 1)e

(3.8)
(3.9)

The two-dimensional temperature output arrays of air temperature and refrigerant temperatures are
shown in Figure 3.8, where the color red in the left chart represents a hot source temperature of
500 °C and the color green in the right chart represents a refrigerant inlet temperature of 89 °C.
On the left, the hot source air is cooled as it moves left to right to a mean outlet temperature of 185
°C. On the right, the refrigerant is heated from top to bottom to a mean outlet temperature of 247
°C.
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Figure 3.8: Two-Dimensional Evaporator Temperature Array (color red signifies the hottest
temperature of 500 °C and color green signifies the coldest temperature of 89 °C).
The detailed heat transfer model for the evaporator was not directly integrated into the system
ORC model to streamline processing. Instead, a log mean temperature difference (LMTD) and
heat transfer coefficients were estimated using the detailed heat transfer model and transferred into
the system model. In this way, the system model uses a LMTD analysis to solve for the outlet state
points given the inlet temperatures and incoming mass flows. This model allowed the system
model to respond appropriately to varying thermal inputs.

An example prediction of the detailed performance model is shown in Figure 3.9, which presents
the ORC state points as well as the heat input and output stream temperatures in a T-s diagram
with various performance indicators listed. Note that the cycle efficiency is closer to 11%, which
is to be expected of a conservative system model.
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Figure 3.9: ORC State Points with R245fa as the Working Fluid and Heat Input and Output
Stream Temperatures in a T-s Diagram using Detailed ORC System Performance Model.
Given the detailed system model, a range of stationary internal combustion generators were
selected for their feasibility with the ORC system. The generators were modeled by Mississippi
State University to predict the outgoing exhaust temperature and mass flow rates. The engines
selected are listed in Table 3.2 along with some key parameters. It should be noted that gasoline,
natural gas, and diesel engines are listed.

Given the calculated amounts of waste heat from each of the selected ICE generators, it was then
possible to use the detailed ORC model to predict the system performance with each of the units.
The predicted performances of the ORC system are listed in Table 3.3 along with the controlled
parameters that facilitate that performance.
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Table 3.2: Possible Internal Combustion Engine and Generators with Operating Parameters.
S.No.
[-]
1

Generator
Mfr.

Model

Yanmar

CP10WN

2

Engine
Mfr.

Fuel

Speed

Gen
Power

Engine
Power

eta_th

m_dot_ex

[-]

[RPM]

[KW]

[KW]

[%]

[g/s]

Model

T_ex
[°C]

Yanmar

2TNV70

Diesel

3600

9.76

30.6

35.5

401.6

Yanmar

3TNV70

Diesel

3600

14.50

29.9

51.9

399.2

11.00

31.0

47.4

363.7

3

Yanmar

SL165-12

Yanmar

3TNE-68

Diesel

3600

4

Subaru

RGV12100

Subaru

EH63D

Gas

3600

9.50

10.80

18.9

20.3

758.5

5

Subaru

RGV13100T

Subaru

EH65D

Gas

3600

10.00

12.70

22.3

20.3

660.4

Kubota

Z602-E3B

Diesel

3600

10.10

36.0

37.3

356.3

Kubota

GL1100

Kubota

D722

Diesel

3600

12.20

33.8

43.4

372.7

6
7

Table 3.3: Detailed ORC Simulation Performance Results with ICE Generators.
S.No.

Engine
Mfr.

Model

Exhaust
Temperature

Exhaust Mass
Flow Rate

Expander
Work Output

Cycle Thermal
Efficiency

Second Law
Efficiency

[g/s]

Working
Fluid Mass
Flow Rate
[g/s]

[°C]

[KW]

[%]

[%]

1

Yanmar

2TNV70

401.6

35.5

30

1.089

11.15

6.99

2

Yanmar

3TNV70

399.2

51.9

45

1.578

11.28

7.12

3

Yanmar

3TNE-68

363.7

47.4

32

1.185

10.98

6.54

4

Subaru

EH63D

758.5

20.3

42

1.447

11.11

8.27

5

Subaru

EH65D

660.4

20.3

40

1.272

11.49

8.4

6

Kubota

Z602-E3B

356.3

37.3

27.5

0.9402

11.01

6.74

7

Kubota

D722

372.7

43.4

35

1.182

11.06

6.93

The simulation results show that the ORC thermal efficiency remains relatively unchanged across
the range of possible ICE generators. This indicates reliable power output at the designed operating
points. However, the second law efficiency is significantly higher for gasoline engines compared
to the diesel engines. The higher exhaust temperature allows for higher heat transfer rates in the
evaporator at these design points allowing for better heat recovery. The detailed model predictions
signify that the effectiveness of the ORC system is large enough to warrant movement to system
development and experimental testing.
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CHAPTER 4: EXPERIMENTAL TEST STAND

To begin the development process of the modeled ORC system, an experimental test stand capable
of component evaluation and performance analysis was designed. The test stand is required to
operate an ORC at full scale heat input and evaluate each component individually as well as the
overall cycle. Given the specifications for the heat exchangers, pump, and expander obtained from
system modeling, several supporting systems are required to operate the cycle. The test stand is
constructed on an existing frame from an older experiment and utilizes the resources available at
the Herrick Laboratories. The photo of the test stand is shown in Figure 4.1. This chapter details
the design and components used in the test stand.

Figure 4.1: Experimental ORC Test Stand.
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4.1: Test Stand Design

The first step of designing the ORC test stand was to develop a three-dimensional model of the
existing frame and decide if all components necessary for the ORC would fit within the frame in
an acceptable layout. When setting up the ORC layout initially, the prior art of an existing 5kW
ORC system at the Herrick Laboratories was used as a reference. Several design considerations
were used to ensure proper operation. First, considering the evaporation of the working fluid, the
expander is set at the highest point of the test stand. This placement enlists the help of gravity to
ensure that all liquid phase working fluid is kept within the evaporator and only vapor enters the
expander, assuming that the heat input into the evaporator is sufficient to fully evaporate the
working fluid and provide adequate superheating. The next design consideration is the placement
of the liquid pump at the lowest point in the cycle, which enlists the help of gravity to ensure that
only liquid enters the pump. By ensuring that only the liquid phase of the working fluid enters the
pump, cavitation within the pump is avoided. This operation is also assisted by the inclusion of a
liquid receiver before the liquid pump, which increases the liquid head at the pump inlet.

Based on the inherent safety hazard of operating at heat input temperatures of up to 650 °C, design
consideration is given to placing all high temperature components out of direct reaching access.
Given the layout of the existing test frame, shown in Figure 4.2, and the fact that the upper level
is above eye level, the hot components were placed exclusively on the upper level and designed to
be enclosed with mesh shielding to prevent access during operation. Since the hot components
would be placed within an enclosure, operation of the ORC system would require the use of
remotely controlled actuating valves. However, the cost associated with acquiring suitable valves
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for the temperature and operational requirements was too great. Therefore, after consulting with
the Herrick Labs Staff, it was decided to use hand actuated valves as long as appropriately rated
heat-resistant gloves were used during operation. This was reflected in the design by minimizing
the area on the upper table that is enclosed in mesh shielding.

Figure 4.2: Existing Test Frame Disassembled.
The final consideration for the design of the test stand is the availability of process air flow for the
heating and cooling of the test stand. Compressed air is used on the test stand to simulate exhaust
gasses from an ICE. The Herrick Laboratories are equipped with compressed air outlets that can
be connected to the test stand via a flexible hose that is run under a cord protector. Additionally,
once the flow is heated and passes through the evaporator, the left-over heat is rejected to the
ambient of the laboratory space. This heat was evaluated to be well within the capacity of the
HVAC system of the laboratory and therefore, no attempt was made to eliminate this excess heat.
Similarly, the rejection of heat from the condenser is considered within the acceptable range to
reject to inside ambient of the Laboratories.
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Taking the mentioned design considerations into account, a preliminary three-dimensional model
for the test stand was created in Solidworks. The proposed layout was then discussed and iterated
upon with Air Squared personnel and the Herrick Labs shop staff. The final design is illustrated in
Figure 4.3 which shows a view of the system layout for visualization.

Figure 4.3: Final CAD Setup of Experimental Test Stand.
4.2: Experimental Test Stand

Following the completion of the three-dimensional model, the construction of the test stand began
by procuring the necessary components. The component selection was done with significant
amount of consultation with the shop staff and supplier representatives. The majority of the
construction was completed by shop staff with assistance by the research team. The system layout
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was constructed based upon the CAD model, but construction required some alternative solutions
in last-minute adjustments. Work began on the test stand in May of 2017 and the system was
completed in October of 2017.

4.2.1: Existing Test Stand System and Control Overview

Various photos of the test stand are shown in Figures 4.4, 4.5, 4.6, and 4.7.. In Figure 4.4 the front
of the test stand is shown with all of the control modules that are used in operating the test stand.
Figure 4.5 shows the upper table layout of the test stand with the expander, evaporator, and heating
element as well as the required piping and ducting. Figure 4.6 shows the side of the test stand
including the prototype scroll pump, Coriolis-effect mass flow meter and the computer/data
acquisition system. Figure 4.7 shows the airflow booster system, compressed airflow meter, and
condenser heat exchanger.

Figure 4.4: Existing Experimental Test Stand (Front View).
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Figure 4.5: Existing Experimental Test Stand (Top View).

Figure 4.6: Existing Experimental Test Stand (Side View).
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Figure 4.7: Existing Experimental Test Stand (Alternate Side View).
The existing test stand is equipped with various control systems in order to operate the ORC at
desired conditions. The first control unit, shown in Figure 4.4, and is a PID controller for the
heating element supplying the hot air to the evaporator. The controller operates the heating coils
based on a measured process temperature at the outlet of the heater. By providing a desired process
temperature, the controller maintains the flow temperature within ±2 °C. The next control unit is
the variable frequency drive (VFD) for the generator which allows control of the rotational speed
of the generator. Input is given in Hz and is maintained within the manufacturer’s specification of
±0.05 Hz. A second VFD is required for controlling the rotational speed of the motor powering
the prototype scroll pump. This VFD operates similarly to the generator VFD but has a lower
precision of ±0.1 Hz. Finally, a variable speed fan is used to provide airflow across the condenser
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and is controlled by an external potentiometer. The potentiometer provides control over the fan
speed, but due to the associated fan curve, the resolution of the control is at worst ±0.1415 m3/min.
These systems comprise the basic controls that make the operation of the ORC possible.

The setup and control systems serve the purpose of allowing for performance characterization of
each component within the ORC. The test stand is fully instrumented with thermocouples at the
inlet and outlet of each component and pressure transducers before and after all major pressure
changing processes as shown in Figure 4.8. Each of the sensors will be discussed individually later,
but overall provide the means to evaluate individual component performance as well as system
performance.

Figure 4.8: Experimental Test Stand Process and Instrumentation Diagram.
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4.2.2: Principal ORC Components

The experimental ORC test stand is established using components designed specifically for this
waste heat recovery application. Each of the five principal components is evaluated for its
individual performance while the entire system is evaluated for overall performance. The function
and operation of each component is detailed along with their technical specifications.

Scroll Expanders

Scroll machinery is typically used in compressor technology. It has been significantly developed
since the 1980’s and many commercial examples are available. However, scroll expanders are still
relatively novel machines with only one or two commercial examples available made to order.
Scroll machinery functions using two interlocking spiraling scrolls to create a set of sealed
volumes. One scroll is held stationary while the other scroll follows an orbital pattern. This orbiting
movement changes the position of the sealed volumes and rotates them along the scroll either
towards the center for compression, or away from the center for expansion. The process is
illustrated in Figure 4.9 for a compression process. The same process occurs in reverse to facilitate
expansion.
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Figure 4.9: Scroll Compression Process Diagram.
Two first-generation scroll expanders were tested using the experimental test stand. The two types
of expanders tested were the orbiting Oldham ring expander and the co-rotating scrolls (spinning
scroll) expander. Both expanders have the same suction volume, internal volume ratio, and
designed rotational speed. The specifications for the scrolls are detailed in Table 4.1.
Table 4.1: Scroll Expander Machinery Design Parameters.
Scroll Design Parameter
Value
Rotational Velocity
3600 RPM
Suction Volume
4.5 E-4 m3
Internal Volume Ratio
4.22 [-]
Designed Power Output
1.2 kW
The orbiting Oldham ring scroll expander represents the industry standard design for orbiting scroll
machinery. The Oldham ring, illustrated in Figure 4.10 as component 76, utilizes an independent
Oldham ring between the stator and orbiting scroll in order to facilitate the orbiting motion. The
Oldham ring is constrained on one axis against the stator scroll by linear slots machined into the
ring. The Oldham ring is also constrained to the orbiting scroll on the perpendicular axis allowing
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it to move laterally on a plane but does not allow rotation. A crankshaft is then used to constrain
the diameter of the orbiting motion and converts rotational movement to orbiting movement.

Figure 4.10: Oldham Ring Scroll Compressor Diagram.
The Oldham ring expander used on the experimental test stand was built using mild-spec steel and
weighs approximately 20 kg. The expander features an inlet and outlet port on the front face of the
expander and is constructed with a magnetic coupling to maintain semi-hermetic operation. The
magnetic coupling is housed in an aluminum canister, which supports the output shaft. The
Oldham ring expander is shown in Figure 4.11. The internal mechanical components from the
tested Oldham ring expander are shown in Figure 4.12, where the stator scroll is on the left and
the orbiting scroll is on the right with the Oldham ring, made of aluminum, placed on top.
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Figure 4.11: Oldham Ring Expander with Magnetic Coupling.

Figure 4.12: Oldham Expander Internal Components.
The spinning scroll expander represents a novel design for scroll expander machinery. Rather than
using stator and orbiting scrolls, two spinning scrolls are used to facilitate an orbiting motion. The
spinning scrolls rotate about two offset center points which coincide with the inlet lobes of the
scroll wraps. The two center points are positioned such that as the scrolls spin, the inlet volume
begins to expand until the lobes reach the 180° position, where they begin to move towards each
other, seal, and eventually create a new inlet volume as the previous volume is moved outwards
through the scroll wraps. The process is shown in incremented steps in Figure 4.13. The spinning
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scroll configuration creates a more balanced expander assembly and therefore, maintains a quieter
and more stable operation than the Oldham ring expander at higher rotational speeds.

Figure 4.13: Spinning Scroll Incremental Process.
The spinning scroll expander used on the experimental test stand was also built using mild-spec
steel for pressure containment and weighs approximately 15 kg. The expander features an inlet
port on the front face of the expander with the outlet port located radially on the bottom of the
expander. Similar to the Oldham ring expander, the spinning scroll outputs torque through a
magnetic coupling assembly. The spinning scroll expander is shown in Figure 4.14.

Figure 4.14: Spinning Scroll Expander with Magnetic Coupling.
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Micro-Tube Evaporator

Micro-tube heat exchanger technology is a high-end technology, developed by Mezzo
Technologies, that is currently used in prototype automotive applications and a handful of other
thermal systems. The manufacturing of micro-tube heat exchangers relies on new-generation laser
welding technology. The micro-tube evaporator used in the experimental test stand, shown in
Figure 4.15, is a prototype unit designed and built to fit the heat transfer characteristics required
by the designed ORC cycle.

Figure 4.15: Prototype Micro-Tube Evaporator.
The evaporator functions by using a system of headers and collectors to distribute the incoming
liquid working fluid into 834 individual micro tubes. The inlet port to the evaporator is a standard
¼” NPTF process connection and leads to the first inlet header. The inlet header distributes the
working fluid into the micro tubes and is made by laser welding each micro-tube to the header
plate to ensure no leakage. The working fluid then passes down the micro-tubes and arrives in the
bottom collector/header which collects and redirects the working fluid into the second passage of
micro tubes. The working fluid passes upwards through the micro tubes and into the outlet
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collector, where the gaseous fluid is mixed and exits through the outlet port identical to the inlet
port. The arrangement of the evaporator serves to aid in heat transfer characteristics by allowing
liquid droplets of working fluid to remain in the evaporator for longer due to gravity. This helps
to minimize liquid leaving the evaporator and damaging the expander.

Microchannel Condenser

Working fluid to ambient air microchannel heat exchangers are currently the industry standard in
most HVAC applications. Microchannel heat exchangers offer high heat transfer rates in a compact
package while reducing the system internal volume significantly. Microchannel heat exchangers
operate using a header distribution system that takes incoming gaseous working fluid and
distributes it to several microchannels. To improve heat transfer, aluminum fins are welded
between the micro channels. With the inclusion of the aluminum fins, the microchannels can have
slightly larger wall thickness and operate at higher working fluid pressures. However, the
aluminum construction limits the maximum temperature of incoming working fluid to 160 °C since
the aluminum will begin to soften at that temperature.

The microchannel condenser used on the experimental test stand is a custom prototype unit
designed to facilitate the required heat transfer rates while maintaining the size envelope goal. The
condenser is shown in Figure 4.16 on the test stand from the back. Manufactured by Alcoil in
Spain, the condenser features an inlet port and outlet ports at the top and bottom on opposing sides
of the heat exchanger. This placement enlists the help of gravity to ensure that the outlet fluid is
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subcooled liquid. The condenser is placed within a shroud and airflow is induced by an
appropriately sized fan which is discussed later on.

Figure 4.16: Microchannel Condenser on Test Stand.
Plate Heat Exchanger Regenerator

Plate heat exchangers are often used as internal heat exchangers for thermal systems because they
are compact, inexpensive, and offer high heat transfer rates. Plate heat exchangers function by
passing a fluid through between baffled plates in an alternating pattern. The heat source fluid and
heat sink fluid are separated by plates on either side and arranged such that a heat sink passage
will always have heat source on either side to maximize heat transfer. This pattern can then be
stacked to increase the plate passages and increase heat transfer. The plate construction is
illustrated in Figure 4.17.
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Figure 4.17: Plate Heat Exchanger Assembly Illustration.
The plate heat exchanger on the experimental test serves the function of an internal regenerator
and is supplied by SWEP. The regenerator is a stock heat exchanger available from the Bx8 series
with a set of ten plates to facilitate the necessary heat transfer rate.

Scroll Pump

A prototype scroll pump designed for this application is used on the test stand to provide
pressure difference and mass flow. The scroll pump was designed and manufactured by Air
Squared to meet the requirements of the designed ORC system, which is shown in Table 4.2.
Tale 4.2: Scroll Pump Machinery Design Parameters.
Scroll Design Parameter
Value
Rotational Velocity
3600 RPM
Suction Volume
1.05 E-4 m3
Internal Volume Ratio
1 [-]
Designed Power Input
128 W
Scroll pumps are not commonly used in thermal systems due to their cost and complexity, but
they are useful for this application since they can easily be matched to the expander. The scroll
pump used on the test stand functions using the Oldham ring mechanism and is constructed out
of aluminum with a steel face plate. Inlet and outlet ports are located on the front face of the
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pump. The pump is driven using a magnetic coupling assembly similar to the expanders, but the
casing is made of stainless steel. The stainless steel allows slippage between the rotors and
induces Eddie losses, which are accounted for in data reduction.

4.2.3: Supporting Systems

In order to facilitate the operation of the ORC system on the experimental test stand, several
supporting systems are required. The systems are: a hot air process stream, which provides the
heat input into the evaporator, simulating hot exhaust gasses from an ICE generator, a cold air
process stream, which provides cooling from the condensing heat exchanger against the ambient
air, expander power output management system, and a pump power input system. Additionally,
the working fluid piping and valving is required to start, stop, and maintain the ORC. Finally,
supporting electrical supplies are necessary to power the sensors. Each of these supporting systems
required sizing and specification in order to properly function on the test stand.

Hot Air Process Stream

The hot air process stream was the first supporting system considered because it serves as the
energy source for the ORC and thus, provides the biggest constraint on system operation. To
simulate the exhaust gasses, compressed air was selected as a feasible alternative because it is
easily available at the test stand location. Supplied by two compressors integrated into the
laboratory building control, each compressor is rated at 1.06 m3/min of air at 700 kPa. The airflow
is supplied to an external valve through 9.525 mm copper tubing. In order to measure the flow of
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air into the test stand, a Coriolis-effect mass flow meter was installed at the inlet of the compressed
air stream. The sensor was piped with 6.35 mm stainless steel tubing up into the test stand.
However, given the mass flow range of up to 31 g/s of the existing sensor, the internal tubing
created too much pressure drop and the maximum airflow rate allowed through the sensor was 4
g/s. Given the flow restrictions in the sensor, the flow path was upgraded to have less pressure
drop. A new 12.7 mm flexible hose was installed to bypass the restrictive piping. Despite the
upgrades, the maximum flow rate delivered directly from the compressed air supply was 0.792
m3/min. To improve the flow rate into the system, an airflow booster is used, which induces flow
from the ambient by using the compressed air as a motive fluid. The mixed flow is then piped
directly into the test stand and allows for a maximum flow rate of 2.718 m3/min. The airflow
booster is shown in Figure 4.18 along with a cross section to better explain its operation. The
compressed air enters the booster and flows through the converging path to increase its velocity,
the high velocity compressed air then follows the perimeter of the booster inducing ambient flow
in the center of the booster. The combined flow is then fed into a compressed air flow meter. This
volumetric flow sensor was selected over the mass flow meter since it maintains a 1” NPT flow
path, minimizing flow restriction. The flow meter functions using a heating element and RTD to
determine the heating capacity of the air flowing through the sensor and therefore the flowrate.
Figure 4.19 is the selected airflow sensor including a visual readout panel.
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Figure 4.18: Airflow Booster with Cross Section.

Figure 4.19: Process Compressed Airflow Meter Sensing Unit.
The experimental test stand is outfitted with an electrical heating element manufactured by TutcoFarnam Custom Products. The heating element is a process air heater, designated by the company
as a “Flow Torch 400” and is shown in Figure 4.20. The heater uses resistive heating coils
distributed by ceramic scaffolding to heat incoming air to temperatures of up to 700 °C. The model
specified for this application has the heating capacity of 15 kW from a 480 VAC supply. The heater
is controlled using a control unit also supplied by Tutco-Farnam. The controller operates on 480
VAC and controls the operation of the heating element by a set of solid state relays based on a PID
control algorithm. The heater is outfitted with two built-in type-K thermocouples that provide
process and high-limit temperature measurements. The controller is programmed to shut down for
safety purposes if the high limit temperature is reached or if the flow into the heater does not reach
the minimum flow rate. The flow limiting switch is achieved externally using an auxiliary output
from the compressed airflow sensor mentioned previously. An external contactor reads the 24
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VDC output from the compressed flow switch and actuates the 40 VAC switching input for the
heater controller. This protective circuit ensures that the heater does not operate without airflow
and burn out the coils. Additionally, the 480 VAC supply and usage requires separate fusing of the
controller and heater from the building supply. Fuses specified by the manufacturer are installed
as shown in Figure 4.21, which details the wiring setup for the heater.

Figure 4.20: Tutco-Farnam Process Heater.
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Figure 4.21: Wiring Diagram for Heating System.
To manage the heated air downstream from the electrical heater, a stainless-steel ducting wrapped
in fiberglass exhaust insulation is installed between the heater and the evaporator. The ducting also
converts the circular cross section of the heater outlet to the rectangular cross section of the
evaporator inlet. The heater, ducting, evaporator, and outlet pipe are protected by mesh shielding
to prevent access during operation. The outlet of the evaporator ducting is also utilized for the
placement of a two-dimensional thermocouple array. The array setup is illustrated in Figure 4.22.
By measuring the outlet air temperature array from the evaporator an arithmetic mean temperature
can be calculated for effectiveness calculations. Additionally, the array allows insight into the
operation of the heat exchanger, especially when the heat exchanger is operating with high
superheating where the change in outlet temperatures from the evaporator can vary up to 50 °C.
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Following the thermocouple array, the remaining hot air is directed by the duct upward and vented
to ambient.

Figure 4.22: Two-Dimensional Thermocouple Array.
Cold Air Process Stream

The cold air process stream supports the operation of the condensing micro-channel heat
exchanger. The cold air process comprises of a variable speed fan, ducting, and the condenser. The
variable speed fan was selected to operate using 240 VAC from an existing transformer and
delivers at maximum 34 m3/min. Figure 4.23 shows the variable speed fan selected with the
associated fan curve. The fan speed is controlled by an external potentiometer which is scaled
against the supplied fan curve to determine approximate airflow. The airflow from the fan is
directed into the condenser by a custom-made shroud.
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Figure 4.23: Variable Speed Fan and Associated Airflow Curves.
Working Fluid Process Stream

The working fluid process stream and consists of all connecting tubing, valving and additional
components required to maintain ORC operation. The piping is sized based on the corresponding
Reynolds number and flow velocity. Flow within the system is kept under 4 m/s to reduce flow
friction, except for downstream of the expander where the low-pressure gasses reach a maximum
flow velocity of 9 m/s. Given the designed mass flow rate of 27.5 g/s and the corresponding
specific volume of the working fluid, the determined pipe sizes are: 6.35 mm tubing for liquid
flow, 19.05 mm tubing for gaseous flow. Additionally, considering the high temperature the
working fluid reaches of up to 300 °C, tubing on the hot side of the regenerator is made of stainlesssteel, while the cold side is made of copper for affordability and workability. The copper tubing
was supplied by the Herrick Labs shop staff while the stainless tubing was purchased from
Swagelok Inc.

To construct the tubing, several compression fittings and adapters were purchased from Swagelok
to prevent leakage and simplify construction. Thermocouples were mounted perpendicular to the
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flow with the sensor bead inserted in the center of the flow path. This was achieved using
compression “T” junctions that narrowed to the diameter of the thermocouple as shown in Figure
4.24. Similarly, the pressure transducers were integrated into the system by a “T” junction and a
¼” NPT fitting. However, the pressure transducers placed before and after the liquid pump
experienced large amounts of pulsation and were isolated by a coiled copper tubing to minimize
the vibration and pulsation. The isolation and tubing layout are shown in Figure 4.25.

Figure 4.24: Thermocouple Connection in “T” configuration.

Figure 4.25: Isolated Pressure Transducers.
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When running the test stand in start-up, it is necessary to establish a bypass flow of the expander
to allow for working fluid heating and pressure increase. This bypass is established with a set of
three valves: two ball valves, and a needle valve. All valves are rated to a maximum of 50 bars and
temperatures of up to 500 °C. The two quarter-turn ball valves required a special high temperature
supplier, A-T Controls, which manufactured two stainless-steel valves with carbon seals to better
resist the temperatures. Manufactured with ¾” NPT inlet and outlet ports, the valves can maintain
sealing at the pressures and temperatures experienced in the system. A drawing for the ball valves
is shown in Figure 4.26. Similarly, the bypass needle valve is used to establish controllable
pressure drop across the bypass without the use of the expander. The needle valve was supplied
by Swagelok and utilizes a bellows tip design to ensure sealing. The valve is made entirely from
stainless-steel, including the mechanical seals at bottom center. The valve is actuated in a ten-turn
configuration, but typically during operation only the last turn is used to create the required
pressure drop. The needle valve is shown in Figure 4.27.

Figure 4.26: High Temperature Ball Valves.
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Figure 4.27: High Temperature Needle Valve.
Similar to the expander, the pump features two isolation valves at the inlet and outlet of the pump.
While the pump does not require a bypass line, the isolation valves can be used during maintenance
or while replacing the pump. The two valves are general duty quarter-turn ball valves.

To ensure proper operation of the pump without cavitation, a refrigeration grade sight glass is
installed before the inlet of the pump. The sight glass allows for user observation to check if there
is two-phase flow entering the pump and decreasing the performance. A highly oversized liquid
reservoir is also placed before the inlet of the pump in order to ensure that the pump has enough
static head to maintain proper operation without cavitation. The liquid receiver is supplied by
Temprite and is shown in Figure 4.28. The addition of the over-sized liquid receiver significantly
increases the amount of working fluid charge required for operation but is necessary for the
operation of the prototype scroll pump.
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Figure 4.28: Oversized Liquid Receiver and Sight Glass.
Expander Power Output Management System

The expander power output management system is an electrical support system that serves to begin
operation and start the expander rotation. Once the ORC begins producing power, the electrical
support system manages the output of that energy. The expander interacts with a 1.5 kW motor
supplied by Baldor in the assembly shown in Figure 4.29 through a rotary torque sensor. The
torque sensor is used to measure power output from the expander knowing the generator’s
rotational velocity. The motor serves as the means to establish rotation of the expander during
startup as well as serves as a generator when the expander begins to produce torque output. The
AC motor is a general duty motor designed with a 3600 RPM synchronous speed and typically
operates at an efficiency of 85% energy conversion when used as a generator. The AC motor is
controlled by a variable frequency drive (VFD) supplied by ABB. The VFD runs off 480 VAC
supply and delivers 480 VAC three phase at a controllable frequency to determine motor turning
velocity. The specified model is an ACS150-03U-05A6-4 with a power rating of 2.2 kW and can
be found on the right in Figure 4.30.
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Figure 4.29: Expander and Generator Coupling.

Figure 4.30: Braking Circuit with VFD, Transistor and Braking Resistor.
The VFD also serves as the management system for the braking of the generator. Once the motor
is set to a certain rotational speed, the expander then provides positive torque output which pushes
on the generator to turn faster. To counteract this effect, the VFD goes into a braking mode which
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takes the current supplied from the generator and uses it to charge internal capacitors. This
particular VFD is equipped with an internal braking transistor, which is used to dump the energy
stored in the capacitors into a braking resistor, which then produces heat. However, the internal
braking transistor in the VFD is not rated for continuous duty, meaning it cannot continuously
brake the generator, as required by this test stand. Therefore, an external transistor is installed that
diverts the energy from the VFD’s capacitors, when their voltage rises above 750 VDC. The
external transistor is the model M3575T-H30 supplied by Bonitron and can be seen in Figure
4.2.27 on the left. This unit is rated to 7.75 A of continuous braking current and is well above the
expected current of 3.25 A. This transistor is then coupled to a braking resistor bank, which serves
to turn the generated current into heat and release it to the ambient. The model selected is
M3775RK-H5.00C also supplied by Bonitron and is rated to a continuous power of 3.7 kW. The
braking resistor bank is also equipped with a thermal snap switch, which triggers if the resistor
becomes overheated. This snap switch is connected to a warning light on the test stand and in the
event of a fault signal the operator to emergency shut down the system. This safety feature will
eventually be upgraded to an automatic shutoff emergency circuit for the entire test stand.

The wiring layout for the expander power output management system is shown in Figure 4.31. It
should be noted that due to the various high-voltage sources and sensitive equipment, all the shown
electrical components are fused per the manufacturers’ recommendations and wired using
appropriately shielded cable.
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Figure 4.31: Generator and Braking Circuit Wiring Diagram.
Pump Power Input System

The pump power input system works similarly to the expander power system except there is no
corresponding management system since there is no power output. The prototype scroll pump is
connected via rotary torque sensor to a 0.55 kW general purpose AC motor supplied by Baldor,
which is shown in Figure 4.32. The driving motor is designed for a synchronous speed of 3600
RPM, which corresponds to the designed speed of the prototype scroll pump. The driving motor
is controlled by an external 1.2 kW VFD powered by 120 VAC. The pump VFD is powered off of
an isolated power circuit to minimize noise in sensor measurements and uses shielded cable to
minimize electrical interference.
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Figure 4.32: Pump Motor Coupling.
Magnetic Coupling Assemblies

In order to transfer torque into and out of the scroll machinery while maintaining a leak free
operation, a magnetic coupling is used in both the expander and pump. The magnetic coupling is
assembled with an inner magnetic rotor, a sealing enclosure, and an outer magnetic rotor which is
attached to the output shaft. In the case of the expander, the sealing enclosure is made of a ceramic
material that does not interfere with the power output of the expander. However, the pump sealing
enclosure is made of stainless-steel and therefore, induces eddy losses when transmitting torque
input. These losses are indexed by the manufacturer by rotational speed and at the maximum speed
of 3600 RPM induce a loss of ~200 W. The approximated losses are considered in the calculations
performed post experiment.
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Supplemental Electrical Supplies

In addition to the 480 VAC supply, the test stand is also powered by outlet 120 VAC. The 120
VAC is used to power the working fluid mass flow meter, the torque cell converter units, and is
transformed to 240 VAC for the variable speed fan. Additionally, a power supply converts the 120
VAC to 24 VDC. The 24 VDC is used to power the pressure sensors, compressed airflow meter,
and the contactor relay used in the heater controller circuitry.

4.2.4: Instrumentation, Measurement, and Data Reduction

To monitor and evaluate ORC operation, a comprehensive data collection system is wired into the
test stand. Data is collected during operation and is then reduced to evaluate performance or
diagnose problems.

Instrumentation

Several types of sensors are required to accurately measure the thermodynamic states, power into
and out of the cycle, and fluid flow for all processes. Thermocouples, pressure transducers, mass
flow meters, and torque sensors are all utilized on the test stand.

Probe-type thermocouples are inserted into fluid flow in order to measure the temperature of each
fluid at different state points. Eleven type-T thermocouples are used to measure temperatures at
the inlet and outlet of each ORC component. The range and accuracy of the thermocouples can be
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found in Table 4.3. Ten type-K thermocouples are used to measure hot air temperature in the
heater’s ducting. Two thermocouples are pre-installed on the process air heater and used for
control, while the remaining eight are installed after the evaporator to measure temperature
variation within the air ducting after the waste heat recovery process.

Absolute pressure transducers are utilized on the test stand to measure pressure at the inlet and
outlet of the pumping and expansion processes. Setra Model 209 transducers are used for their
robustness and precision. The rated operating range and accuracy is listed in Table 4.3. Four
pressure transducers are mounted at the inlet and outlet of the scroll pump as well as the inlet and
outlet of the scroll expander. Due to unwanted pulsation in the pump suction and discharge lines,
the pressure transducers are isolated using smaller coiled tubing. The expander pressure
transducers are similarly isolated by the flexible hose used to connect the expander to the high
temperature ball valves.

Two flow meters are installed on the test stand to measure working fluid flow and heated air flow.
A Micro Motion Coriolis-effect mass flow meter is used to accurately measure the mass flow of
the working fluid inside the ORC. This sensor is mounted downstream of the scroll pump to
measure liquid flow before the working fluid enters the regenerator. The micro-motion sensor uses
tube vibrations to measure the mass flow rate of the liquid passing through it and therefore, is
susceptible to its resonant frequencies when the pump and expander reach them. The operating
range and accuracy of the mass flow meter is listed in Table 4.3.
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The second flow meter installed on the stand is a compressed airflow meter. This sensor measures
volumetric flow of air by using a heated probe and thermocouple to measure the heating
conductivity of the air passing over them. This allows the sensor to back out volumetric flow rate
of the compressed air. Due to the usage of the airflow booster, a Coriolis-effect mass flow meter
was considered infeasible for use on the air process line and the lower accuracy volumetric sensor
is used. The accuracy of the sensor and operating range is listed in Table 4.3. However, since the
airflow meter can only measure volumetric flow, ambient air temperature and relative humidity
are measured and recorded separately by a building sensor array. These measurements allow the
determination of mass flow rate through the process heater.

Two rotary torque sensors couple the pump to its driving motor and the expander to the generator.
Using strain sensors on a connecting shaft, the torque is determined and output using a converting
block. Each sensor is calibrated manually to ensure accuracy before placement on the test stand.
The operating range of the sensor and the uncertainty is listed in Table 4.3.
Table 4.2.3: Sensor Operating Ranges and Uncertainty.
Sensor Type
Sensor Model
Operating Range
Type T Thermocouple
OMEGA ICSS-18U
-270-370 °C
Type K Thermocouple
OMEGA KQXL-18U
-270-1260 °C
Pressure Transducer
SETRA 280G-040B
0-40 bar
Coriolis Mass Flow Meter
Micro-Motion D-series 0-180 g/s
Compressed Airflow Meter
IFM SD8001
0-132 SCFM
Rotary Torque Sensor
OMEGA TQ514-003
0-200 in-lb.

Uncertainty
±0.5 °C
±1.1 °C
±0.11% FS
±0.10% FS
±3.0% FS
±1.0% FS

Data Acquisition

To record the data from the sensors integrated into the ORC for further analysis, an Agilent AG
344980 data acquisition (DAQ) system is used. The DAQ measures the sensors’ analog signals
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and converts them to a digital signal recorded by the monitoring computer. A sampling rate of 1
Hz is used to visualize transient trends but minimize long term steady-state data. Additionally, the
DAQ operates using acquisition cards that are designated to measure analog 0-10 VDC or
thermocouple output voltage. The system uses three separate acquisition cards, shown in Figure
4.34: one for the Type-T thermocouples in the working fluid system, one for the Type-K
thermocouples in the hot air ducting, and one for the remaining sensors which output 0-10 VDC.

Figure 4.34: DAQ with Acquisition Cards.
To record and visualize the data in real time, a custom LabView VI is used on the monitoring
computer. The VI allows observation of all process temperatures and pressures, while computing
additional values such as power output and filling factor. These values are shown in real time so
that the operator may intervene if there is a fault. The VI also creates a comma separated value file
which can be opened using Microsoft Excel for data reduction.
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Data Reduction

Several steps are taken to convert the raw data produced by the LabView VI at steady state to
produce performance data. First, the raw temporal data is cut and edited to contain only steady
state data. Then the data is averaged across the time period to reduce data noise. The averaging is
simply arithmetic averages of all sensor outputs over a period of at least 100 seconds. Temperature
and pressure measurements are used to identify the thermodynamic state points of the ORC.
Rarely, a temperature measurement at the outlet of the regenerator indicates that the working fluid
is in the two-phase region. This point is then solved for by evaluating the heat transfer in the
gaseous side of the regenerator and calculating the state point that way.

To evaluate expander performance, the power output, isentropic efficiency and filling factor of the
expander must be calculated. To calculate the power output from the expander, the rotary torque
sensor output is used in conjunction with the controlled expander rotational speed. The power
output is then converted to kilowatts by a constant conversion factor. The shaft output power is
calculated as:
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Using the calculated power output, it is possible to determine the isentropic efficiency of the
expander using the previously calculated expander inlet state point and an assumed isentropic
process state point.
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To evaluate the volumetric performance of the expander, the filling factor is calculated using the
inlet state point of the expander and the measured mass flow rate. The inlet conditions allow for
the calculation of working fluid density which combined with mass flow rate and expander
rotational speed gives the expander filling factor:
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Similarly, the scroll pump requires the same calculations as the expander with some adjustments.
The power output calculation remains unchanged, but when factored into the isentropic efficiency
calculation must be placed in the denominator while the state point calculation placed in the
numerator. Also, the filling factor calculation remains the same for the pump except that the output
variable is the volumetric efficiency which is inherently the inverse of filling factor.

To evaluate heat exchanger performance, the heat transfer rates and effectiveness must be
calculated for each of the heat exchangers. Using the state points at the inlet and outlet of each
heat exchanger on the working fluid side, the specific enthalpy can be determined. Coupled with
the measured mass flow rate of the working fluid, it is possible to determine heat transfer rates as
shown:

ẆXY = Ż[#\ (ℎB_`#a − ℎcda`#a )

(4.2.4)
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The heat transfer rates of the working fluid are matched with the calculated heat transfer rates of
the source fluid and double checked for accuracy.

To calculate heat transfer effectiveness, the previously calculated heat transfer rate is divided by
the maximum possible heat transfer rate. The maximum possible heat transfer rate is calculated by
evaluating the specific enthalpy of the fluid with the lower specific heat capacity at the temperature
of the incoming fluid with higher heat capacity. This calculation is shown for the evaporator here:

f#gh% =

i̇*jk,
Ėk9F HIk9F,9: JIk9F,V9: O

(4.2.5)

Similar calculations are made for both the regenerator and the condenser. However, for the
evaporator and the condenser, it is necessary to calculate the mass flow rate of the air flowing
across them. For the condenser, the variable speed fan curves are used to interpolate the volumetric
flow of the air. The evaporator uses the compressed airflow sensor to measure volumetric flow
rates as well. The conversion of air volumetric flow to mass flow requires the measurement of
ambient temperature and relative humidity which allow for the determination of density. Using the
volumetric flow and density, it is possible to calculate the mass flow of air as shown:

ŻhB[ = lhB[,mh`m ṅhB[,E#hC

(4.2.6)

Finally, the system performance is evaluated by calculating: cycle thermal efficiency and system
second law efficiency. Cycle thermal efficiency is determined using the previously calculated
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evaporator heat transfer rate and the calculated net power output. The efficiency calculation is
performed as shown:

@mom,pCa =

Ḋ:*M
i̇*jk,

(4.2.7)

The second law efficiency is calculated by dividing the power output over the maximum possible
heat transfer available from the heated air. Similar to the effectiveness calculation for the
evaporator, a dead state is assumed with the air cooled all the way down to ambient. Using this
minimum state point, the second law efficiency is calculated as shown:

@mom,q_r =

Ḋ :*M
Ėk9F HIk9F,9: JIk9F,V9: O

(4.2.5)

These calculated values help describe the performance of the system and create a better
understanding of the ORC operation. A full documentation of measured values can be found in
Appendix C.

Uncertainty Analysis

Given the data reduction processes and the calculation of the output values, it is necessary to
perform an uncertainty analysis to better quantify propagated error. The uncertainty analysis
performed in this study was done by using an integrated system in the EES software. Relative
uncertainties from each of the measured values are input and the software will calculate the

73
uncertainty for the output values based on the equations used. The method for calculating
uncertainty propagation within output values is shown:

so = t∑ v

wo q
w$9

x s$ q

(4.2.6)

The relative uncertainties for each of the output values are listed in Table 4.4. Note that error
bars are not included in result charts for simplicity due to the large number of data points.
Table 4.4: Relative Uncertainty in Output Values.
Value
@#$%
@mom
@q_r
!̇#$%
Calculated Value
463.7 W
33.7%
3.29%
6.07%
Absolute Uncertainty
9.01 W
0.65%
0.26%
0.50%
Relative Uncertainty
1.9%
1.8%
8.1%
8.2%

Ẇ#gh%
10.17 kW
0.025 kW
0.24%

4.2.5: Future Improvements

While the test stand is fully operational, there are several improvements that would streamline the
operation and ease user operation. First, adding a charging port to the expander shutoff section
would allow for expander swaps without re-charging the entire system. Second, adding more
flexible hosing and shaft couplings would allow for easier expander installations and enable
quicker switching. Finally, adding a regenerator bypass has been discusses to see system
performance at lower exhaust temperatures. This feature should be carefully monitored as to not
cause damage to the condenser which will experience aluminum softening at 160 °C.
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CHAPTER 5: EXPERIMENTAL RESULTS AND DISCUSSION

Using the experimental test stand previously described, two expanders were characterized to assist
in their next generation designs and the ORC system was characterized to demonstrate overall
performance. Additionally, the three heat exchangers are evaluated across the operating ranges
used to characterize the expander. The experimental data provides insight into how well each
component is filling its designed role as well as how the system responds to various inputs.
Discussion of the constraints that restricted the operational range is also included.

5.1: Scroll Pump Testing

The first component tested in the system was the scroll liquid pump. As previously mentioned, the
scroll pump is a prototype pump built by Air Squared specifically for this system. The pump is
driven by an electric motor and operates at the nominal rotational speed of 3600 RPM. However,
in order to ensure that the pump is capable of delivering the required mass flow at the operational
pressures, several preliminary tests were run.

The first test run utilized the expander bypass circuit to test the pump independently of the
expander. Using a bellows tip needle valve, the bypass circuit slowly had pressure drop introduced
across the pump while the heat input and output systems worked to maintain sufficient superheat
and subcooling for the ORC. The pump was run at full speed while the pressure drop was adjusted
using the needle valve. This allowed for a sweep of pressure ratios and the corresponding mass
flow rates. The results are presented in Figure 5.1.
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Figure 5.1: Scroll Pump with Bypass Delivered Mass Flow vs Pressure Drop.

Note that the delivered mass flow rates are significantly less than the designed mass flow rate of
27.5 g/s. However, the expansion process for this experiment is deemed quite different than the
expansion process with the scroll expander. To prove that the pump does in fact deliver the
required mass flow rates at the designed pressure ratios, data was collected from across all of the
sweeps used to characterize the expanders. The mass flow and pressure ratio data for the pump at
full speed, 3600 RPM, at various expander speeds is presented in Figure 5.2. Note that the
delivered mass flow rates meet or exceed the designed mass flow rate of 0.0275 kg/s.
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Figure 5.2: Scroll Pump with Expander Delivered Mass Flow vs Pressure Drop.
Despite the sufficient mass flow rate delivered to the scroll expanders during operation, it should
be noted that there are some operational deficiencies of the scroll pump. First, with the expander
running at half speed, 1800 RPM, the pump is unable to achieve the designed high-side pressure.
The maximum inlet pressure to the expander is 14.95 bars, which is significantly less than the
designed pressure of 24 bars. This is compounded by the fact that in the ORC flow scheme, the
expander dominates the pressure characteristics. Typically, when testing the ORC, the expander is
set to run at a constant rotational speed and the pump rotational speed is swept to induce a change
of pressure ratio and thus, allowing for characterization of the expander. However, when changing
the pump speed, it is evident that the expander has greater control over the pressure ratio. This
phenomenon is demonstrated in Figure 5.3, where the pump speed and corresponding pressure
ratio are plotted while the expander is at the design speed of 3600 RPM. It should be noted this
data is taken from operation with the Oldham ring expander, where the phenomenon is more
prominent. It should also be noted that the left and right limits of Figure 5.3 are defined by the
points where the refrigerant has minimal superheating (right), and where the refrigerant
temperature reaches its maximum of 250 °C (left).
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Figure 5.3: Induced Pressure Ratio vs Pump Rotational Speed.
Additionally, it is surprising that the mass flow rate and pressure ratio also decreases by decreasing
the pump rotational speed. This is caused by the fact that as the mass flow rate of the working fluid
decreases while the mass flow rate of the coolant air through the condenser remains constant. In
this case, the condensing pressure decreases faster than the decrease in evaporation pressure.

The scroll pump performance is also relatively low when considering the volumetric efficiency of
the pump. This is calculated similarly to the filling factor of the expander but is instead the
volumetric flow rate, determined from the mass flow rate and inlet state point, divided by the swept
volume rate. Shown in Figure 5.4, the volumetric efficiencies of the pump are mostly between 3050%. Note that the series indicators are the expander rotational speed. This indicates that there is
a significant amount of leakage across the scroll pump, which also explains the pump’s inability
to reach the design point pressure.
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Figure 5.4: Pump Volumetric Efficiency Performance vs Pressure Ratio.
Given the scroll pump’s performance, it is impossible to artificially increase or decrease the
pressure ratio of the expander outside of the pump’s operational envelope. This limitation
narrowed the range of testing that is possible with the experimental ORC test setup.

5.2 Spinning Scroll Expander Testing

The first expander tested on the experimental test stand was the spinning scroll expander. This
expander is the more novel of the two expanders tested and its performance is unknown from the
literature. This gap presents the opportunity to improve the understanding of the operation of such
a machine through experimental testing.

5.2.1 Spinning Scroll Test Matrix

The completed test stand along with selected spinning scroll expander were utilized to characterize
the performance of R245fa and R1233zd(E). Testing was initially performed with R245fa to
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establish the testing procedures without damaging the more sensitive R1233zd(E) refrigerant. To
characterize the expander performance with the two working fluids, the ORC cycle was established
with the following conditions: minimum rotational speed of the expander (1200 rpm), maximum
rotational speed of the scroll pump (3600 rpm), minimum heat input to establish 5 °C superheating
(56 SCFM airflow at 470 °C), and condenser fan at maximum speed to ensure subcooling. These
specifications are listed in Table 5.1 with their corresponding control system. Once the cycle was
established within these constraints, the pump speed was stepped down to lower the mass flow rate
and increase the superheating. Pump speed was decreased until the maximum temperature of
R1233zd(E), 175 °C, was achieved. R245fa was tested within the same temperature limits to create
comparable data. It should be noted that during these tests, R1233zd(E) required 70% of the
airflow to maintain similar condensing pressures.
Table 5.1 – Spinning Scroll Expander Testing Conditions.
Parameter
Value
Control
Expander Speed
1200 rpm - 3600 rpm
Constant within series
Pump Speed
3600 rpm - 3000 rpm
Swept within series
Hot Air Flow
56 SCFM
Constant
Hot Air Temperature 470 °C
Constant
Condenser Air Flow 1200, 840 SCFM
Refrigerant Specific
System Charge
6.8 kg
Constant

Step
600 rpm
60 rpm
-

By decreasing the pump speed with constant steps of 60 rpm, the mass flow of the system followed
the same trend. However, as the mass flow was decreasing, the pressure ratio across the expander
also decreased because of the rising condensing pressure. This increase in condensing pressure
was caused by a decrease in heat transfer at lower refrigerant mass flow rates. The data collected
from this sweep of the pump speed allows for an in-depth evaluation of the expander performance
across multiple pressure ratios, pressure differences, and expander rotational speeds. Figure 5.2.1
shows the expander power output as a function of the pressure difference across the expander for

80
different expander rotational speeds and working fluids. Given the limited head provided by the
prototype scroll pump, it is apparent that as the expander speed increases, the maximum achievable
pressure difference decreases. However, by extrapolating the data to higher pressure differences,
it becomes apparent that the limiting factor of the current setup is the inability to achieve a higherpressure differential at higher expander speeds. All expander trends signify that with higher
pressure differential, the potential for power output can significantly increase.

5.2.2 Working Fluid Comparison

Figure 5.5 presents the expander shaft power output achieved with the two working fluids as a
function of the pressure difference across the expander for different rotational speeds.

By

comparing the performance of R245fa and R1233zd(E) at the given operating conditions, R245fa
produces more power output than R1233zd(E). However, further analysis shows that the trends of
R245fa and R1233zd(E) are extremely similar at the design point conditions. This suggests that
with an increased pressure differential across the expander, the R1233zd(E) has the potential to
produce as much work as R245fa assuming the work input required to reach similar a pressure
differential is no more than R245fa. Similarly, the isentropic efficiency of the expander was
compared across the operational points. R1233zd(E) outperforms R245fa at design point
conditions. However, at non-design point conditions, R1233zd(E) is more prone to performance
decline and experiences a much more drastic decrease in efficiency as pressure ratio is minimized.
Despite this, the trends that the two refrigerants follow across the array of testing data demonstrate
that R245fa is decaying as the pressure ratio increases while R1233zd(E) can benefit from an
increased pressure ratio. R245fa have maxima shown in Figure 5.6, while the apparent maxima of
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R1233zd(E) require higher pressure ratios. This would suggest that R1233zd(E) operates more
efficiently than R245fa with a higher pressure drop across the expander. However, this does not
indicate that R1233zd(E) will contribute to a more efficient ORC due to the additional work
required to create higher pressure ratios. Combined with the trends shown in Figure 5.5, an ORC
operating with R245fa would need to be optimized for power output while considering the adverse
effects of increasing the pressure ratio.

Figure 5.5: Expander Shaft Power Output as Function of the Pressure Difference Across the
Expander for Different Rotational Speeds and Working Fluids.

Figure 5.6: Expander Isentropic Efficiency.
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In addition to the power output and the isentropic efficiency of the expansion process, the filling
factor of the expander is considered when analyzing the expander performance. The filling factors
as a function of the rotational speed and for each working fluid are shown in Figure 5.7. Each
expander rotational speed presents a spread of filling factors due to the various mass flow rates.
Considering that for each of the expander speeds, the pump speed was varied from 2700 to 3600
rpm, the decrease of filling factor is expected as the expander matches the flow of the pump.
Analyzing the designed expander rotational speed of 3600 RPM, R245fa presents an initially lower
filling factor than R1233zd(E) but does not progress as far toward unity. Additionally, the
asymptotic trend that the minimum filling factor conditions follows indicates that R245fa will
minimize at a higher filling factor than R1233zd(E). This would suggest that at optimal operating
conditions, R1233zd(E) has the potential to operate with a higher volumetric efficiency. However,
at the minimum filling factor of the 3600 RPM data set, the temperature at the inlet of the expander
is maximized and therefore, the filling factor cannot decrease any further. Alternatively, R245fa
can operate 75 °C hotter than R1233zd(E), which presents the opportunity for further minimization
of the filling factor.

Figure 5.7: Expander Filling Factor Spread.
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Given that R245fa produces more work at a lower isentropic efficiency, while R1233zd(E)
produces less work at a higher isentropic efficiency, an additional phenomenon is required to
understand the discrepancy. Comparing the heat transfer rate input to both cycles allows for some
insight into what causes this interesting trade-off between the two working fluids. As shown in
Figure 5.8, the heat transfer rate for R245fa is higher than R1233zd(E) in most cases, which allows
R245fa to produce more output power. However, it should be noted that, as the mass flow rate
increases above 40 g/s, R1233zd(E) follows an upward trend to a maximum heat transfer rate of
approximately 8.7 kW. The right-hand boundary curve of Figure 5.8 is created when the working
fluid exiting the evaporator is saturated vapor. However, the designed operation for the evaporator
requires much more superheating and the associated heat transfer rates are shown as the mass flow
decreases. Given the consistent heat source parameters, as described previously, this would suggest
that R245fa has better heat transfer characteristics as a superheated vapor than R1233zd(E).

Figure 5.8: Evaporator heat transfer rate as a function of the working fluid mass flow rate and
different rotational speeds.
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Figure 5.9: Thermodynamic cycle efficiency as a function of pressure ratio.
Supported by the heat transfer rates present within the system, the cycle thermal efficiency with
R1233zd(E) is slightly increased, maximizing at 6.2% while R245fa achieves a maximum of
approximately 5.9%, as shown in Figure 5.9. This constitutes a roughly 5% increase in ORC
thermal efficiency. However, the reduced heat transfer and power output of the R1233zd(E)
decreases the second law efficiency of the cycle, defined as shown:
!"#$ = +̇

&̇()*
),- /0),-,2( 3 04)54 6

(5.1)

The maximum second law efficiency of R245fa is approximately 3.4% while R1233zd(E)
maximizes at approximately 3.3%. Given the close thermodynamic properties of the two fluids,
similar performance is well expected, but it is important to recognize that the HFO R1233zd(E)
can maintain performance as R245fa is phased out in policy.

5.3 Oldham Ring Expander Testing

The Oldham ring expander is tested on the experimental test stand in a similar fashion to the
spinning scroll expander. However, given the existing literature data on Oldham ring expanders, a
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more accurate comparison to existing systems can be performed. Since the Oldham ring is the
expander selected for the final ORC system, it is tested to the full thermal limitations of the R245fa.
This high temperature heat input operation meant that testing with R1233zd(E) is impossible.

5.3.1 Oldham Ring Test Matrix

Oldham ring expander characterization is conducted similarly to the testing performed on the
spinning scroll expander. The range of testing was widened to include refrigerant superheating up
to an expander inlet temperature of 250 °C to meet the design point conditions. However, for
comparability, the heat source temperature and flowrate are the same as the spinning scroll testing
conditions. Also, the condenser airflow is similarly kept constant between the two expanders. The
testing conditions are listed in Table 5.2.
Table 5.2: Oldham Ring Scroll Expander Testing Conditions.
Parameter
Value
Control
Expander Speed
1200 rpm - 3600 RPM
Constant within series
Pump Speed
3600 rpm - 2700 RPM
Swept within series
Hot Air Flow
56 SCFM
Constant
Hot Air Temperature 470 °C
Constant
Condenser Air Flow 1200 SCFM
Constant
System Charge
6.8 kg
Constant

Step
600 RPM
60 RPM
-

It should be noted that the pump speed range is similarly widened to facilitate the increased
superheat. By varying the pump speed, the pressure difference across the expander can be altered
and creates a performance curve for the Oldham ring expander.
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5.3.2 Oldham Ring Expander Results

The three indicative measurements of expander performance are the measured power output,
calculated filling factor and the calculated isentropic efficiency. The power output of the Oldham
ring expander over the varying pressure difference is presented in Figure 5.10. Each series
represents an expander rotational speed and is denoted in the legend. The maximum work output
of 512 W is achieved at the nominal rotational speed of 3600 RPM. The data series begin with
minimal superheat on the right, with the highest pressure differential, and end with the expander
inlet temperature at 250 °C on the left, with the lowest pressure differential.
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Figure 5.10: Oldham Ring Expander Power Output.
Following the trend of each series, most of the series maintain a linear relationship between power
output and pressure difference across the expander. However, at the nominal rotational speed of
3600 RPM, the power output seems to have reached the maximum and is in decline at higher
pressure differentials. This would suggest that the power output of the system would benefit
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marginally from increasing the pressure difference across the expander. However, the 3000 RPM
trend suggests that further increasing the pressure differential at that rotational speed would create
higher power output potential. Further investigation with a modified or upgraded liquid pump
would help define the trends experienced in the extrapolated areas.

The isentropic efficiencies achieved by the Oldham ring expander show a similar trend to the
power output data. The isentropic efficiencies of the Oldham ring expander are presented in Figure
5.11, where they are compared across varying pressure ratios. The isentropic efficiencies appear
to remain constant for the expander rotational velocities of 1200-3000 RPM. However, the nominal
operating rotational speed presents efficiency drop off as the pressure ratio rises above 5.5. Given
that the expander is constructed with an internal volume ratio of 4.22, it would appear that the gas
is exiting the expander under-expanded at higher pressure ratios, which decreases the isentropic
efficiency of the expansion process.
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Figure 5.11: Oldham Ring Expander Isentropic Efficiency.
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While the isentropic efficiencies achieved by the Oldham ring expander of 32-45% for the nominal
rotational speed are lower than the expected 60%, there is still indication of promise for
improvement. The performance of the expander at the lower inlet pressures of ~14 bar suggest that
the expander could output much higher power with an improved liquid pumping system and
therefore, achieve higher isentropic efficiencies.

Given the objective of increasing the ORC system’s second law efficiency, power output per unit
of heat available, and using a constant heat input, it would seem that increasing the superheat of
the system has enough of a negative effect on the power output of the ORC that it may not be
beneficial to increase superheat to minimize heat transfer losses. Power output of the expander in
Figure 5.10 and isentropic efficiency in Figure 5.11 show the best performance with minimal
superheating. This effect should be considered in the ORC system design and with further analysis,
cycle changes should be implemented.

The Oldham ring expander’s volumetric efficiency is presented in Figure 5.12 where the filling
factor is shown. Each expander speed has a range of data points, which correspond to the range of
pump speeds, and the filling factor varies because of it. The highest filling factor in the spread
occurs at the highest pump speed and the lowest filling factor at the slowest pump speed. The
downward trend of filling factor as the expander rotational speed decreases is to be expected as
the swept volume rate of the expander fails to match the flow created by the pump. However, the
filling factor asymptotically reaches a minimum of approximately 1.5 as the expander swept
volume rate matches the delivered mass-flow rate.
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Figure 5.12: Oldham Ring Expander Filling Factors.
The filling factor of the Oldham ring expander presents significantly improved operation as the
expander moves towards the designed rotational speed of 3600 RPM. However, filling factors of
1.5-2 still indicate that there is a large amount of leakage occurring in the Oldham ring expander.
Clearances and gaps between the scroll wraps are under consideration as a result and should be
improved in the next generation of expanders.

5.4 Expander Comparison

Given the testing performed with the spinning scroll expander and the Oldham ring expander with
R245fa at the same operating conditions, comparing the performance of the two can provide some
insights into the operation of both machines.

The power output of each expander is compared as a function of the pressure differential across
the expander as shown in Figure 5.13. The spinning scroll results are shown in black on the left
and the Oldham ring results in red on the right. Note that only the expander rotational speeds of
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3000 and 3600 RPM are shown for clarity. Also shown are two polynomial fitting curves
representing the power output data. Figure 5.13 indicates that the Oldham ring expander produces
more work output. However, the power output occurs at a higher-pressure differential than the
one of the spinning scroll. The extrapolated curves for the 3600 RPM series allow for comparison
at the same pressure differentials. These curves show that while the Oldham ring expander is
producing more power output, if operated at the same conditions as the spinning scroll, it produces
much less power output. Similarly, if the spinning scroll could be operated at higher pressure
differentials, the power output from the expander could surpass the number shown by the Oldham
ring expander. It is worth noting that both data sets were taken at the same pump speeds. This leads
to the understanding that operation with the Oldham ring expander allows higher pressure
differentials to be achieved with less pumping input. Should the pump work be considered here,
the spinning scroll’s advantage would be lost. Additionally, it should be noted that the Oldham
ring is operating closer to the optimal work output point than the spinning scroll, indicating that it
is a closer sizing match for the scroll pump and heat input.
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Figure 5.13: Power Output Comparison between Spinning Scroll and Oldham Ring Expanders.
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In contrast to the power output data, when comparing the maximum isentropic efficiency achieved
by the expanders, the spinning scroll is able to achieve a slightly better efficiency of 46% compared
to the Oldham ring’s 43%, as shown in Figure 5.14. Similar to Figure 5.13, only the 3000 and 3600
RPM expander rotational speed series are shown for clarity. Note that both expanders operate at
similar isentropic efficiencies, but that the Oldham ring expander would benefit from a decrease
of pressure ratio to reach an optimal efficiency. In contrast, the spinning scroll expander has
achieved a local maximum at a pressure ratio of approximately 4.1, which coincides closely with
the built-in volume ratio of 4.22. Additionally, it can be observed that the spinning scroll
expander’s isentropic efficiency at 3000 RPM experiences much less performance drop off than
that of the Oldham ring expander, which presents lowered efficiencies across the 3000 RPM series.
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Figure 5.14: Isentropic Efficiency Comparison between Spinning Scroll and Oldham Ring
Expanders.
Finally, the filling factor of the two expanders gives insight into the volumetric efficiencies of each
expander. In Figure 5.15, the filling factors of the two expanders are compared. The Oldham ring
expander presents better volumetric performance closer to the designed expander rotational speed.
However, it is interesting to note that the spinning scroll exhibits a larger spread of filling factors

92
across the range. This can be explained by the fact that in operation with the spinning scroll, the
scroll pump has more control over the flow regime and allows for larger changes in mass flow
rate. In contrast, the mass flow change per step with the Oldham ring expander is much lower and
is shown by a smaller filling factor spread.
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Figure 5.15: Filling Factor Comparison between Spinning Scroll and Oldham Ring Expanders.
Given the trade-offs between the spinning scroll and Oldham ring expanders, it is difficult to
numerically prove that one exhibits superior performance. However, it is apparent that the
operation of the system with the Oldham ring expander will achieve higher power output at a
constant heat input and thus, the Oldham ring expander is a better choice to achieve the goals of
the ORC system.
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CHAPTER 6: CONCLUSIONS

Waste heat recovery (WHR) from generators for small electrical and thermal systems could
provide the high efficiency energy generation solution to meet the intermittency of renewable
energy sources. A WHR system utilizing ORC technology is presented as a bottoming cycle in
Gensets exhaust gas streams. The ORC system is designed for the novel operation of use with high
temperature exhaust gases and requires several prototype components for successful
implementation. The combination of novel micro-tube evaporator, a small-scale scroll expander,
and scroll pump with the other necessary supporting systems presents a unique opportunity for
system development.

To assist in developing a commercially viable ORC WHR unit, an experimental test stand was
developed to test the novel components and system performance. Each component is evaluated
individually allowing for insight into operation and improvements on a component level. Focus is
given to the characterization of the scroll expanders due to their critical function in producing the
power for the ORC. Two scroll expander types are tested and compared in an effort to optimize
the system design. The Oldham ring expander represents the industry standard for scroll devices
and produces the most power output of 512 W from a constant heat source of 7722 W. The spinning
scroll represents a novel approach to scroll expansion devices and operates at a higher isentropic
efficiency of 46% than the Oldham ring expander at 43%. It should be noted that the performance
of both machines was negatively impacted by the use of a prototype scroll pump. The scroll pump
provided limitations on the reachable pressure differences across the expanders inside the system
and limited the characterization range of the expanders. Additionally, the scroll pump was unable
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to achieve the designed inlet pressure of 24 bars and therefore, is affecting the power output
available across the expander.
While the challenges of developing a scroll-based ORC WHR system are large, the system still
presented a net positive work output and promise for the designed application. System operation
of 6.2% thermal efficiency presents opportunity for improvement but also promises realizable
gains for distributed energy generation efficiencies.

Future Work

Given the results from the testing of the ORC components, there are several next steps that will
lead to improved development. First, the detailed system model should be tuned to match the
operating conditions of the ORC. This will allow for improved performance predictions and aid in
selecting the optimal working point. Secondly, the higher temperature working fluid ethanol will
be substituted into the ORC and tested to evaluate its potential as a working fluid. Significant
changes to the experimental test setup are required when using the flammable working fluid
ethanol. Lastly, component revisions should be made and exchanged based on the data obtained
from testing. There are already a second generation of expanders in development that are
demonstrating significantly improved volumetric efficiencies in early tests. Continuous
improvement to the ORC system will allow for a viable product to be created from this technology.
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APPENDIX A: ORC COMPONENT SPECIFICATIONS
Scroll Expanders
Specification
Weight
Height
Width
Depth
Suction Volume
Volume Ratio
Rot. Speed
Designed Power
Fittings

Value
18.75 kg
28 mm
28 mm
37 mm
4.5 E-4 m3
4.22
3600 RPM
1.2 kW
½” NPTF

Scroll Pump
Specification
Weight
Height
Width
Depth
Suction Volume
Volume Ratio
Rot. Speed
Designed Power
Fittings

Value
4.20 kg
12 mm
12 mm
23 mm
1.05 E-4 m3
1
3600 RPM
128 W
¼ ” NPTF

Micro-Tube Evaporator
Specification
Weight
Height
Width
Depth
No. Tubes
Tube Diam.
Tube Spacing
Flow Config.
Orientation
Fittings

Value
5.64 kg
200 mm
100 mm
50 mm
834
0.45 mm
1.4 mm
Cross Flow
Upright (as shown)
¼” NPTF

99
Micro-Channel Condenser
Specification
Weight
Height
Width
Depth
No. Channels
Channel Spacing
Fin Spacing
Flow Config.
Orientation
Fittings

Value
4.27 kg
360 mm
410 mm
30 mm
34
10 mm
1.0 mm
Cross Flow
Upright (as shown)
9.525 mm tube

Specification
Weight
Height
Width
Depth
No. Plates
Flow Config.
Orientation
Fittings

Value
1.76 kg
205 mm
75 mm
35 mm
10
Counter Flow
Upright (as shown)
¾” NPTM

Brazed Plate Regenerator
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APPENDIX B: DETAILED EES MODEL

Shown on following pages.

File:ORC_wEffectiveness.EES
4/6/2018 2:49:55 PM Page 1
EES Ver. 10.268: #4603: For use only by students and faculty, Mechanical Engineering Dept., Purdue Univ. - West Lafayette
101

"Plot Low Pressure Isobar"
Procedure lowplot(R$,P_low,s[1],s[5]:abc)
ds=(s[5]-s[1])/19
i=1
s_h=s[1]
Repeat
T_gh=temperature(R$,P=P_low,s=s_h)
lookup('P_low',i,'T') = T_gh
lookup('P_low',i,'s') = s_h
s_h=s_h+ds
i=i+1
Until i>=21
abc=1
End
"Plot High Pressure Isobar"
Procedure highplot(R$,P_high,s[2],s[4]:bcd)
ds=(s[4]-s[2])/19
i=1
s_h=s[2]
Repeat
T_gh=temperature(R$,P=P_high,s=s_h)
lookup('P_high',i,'T') = T_gh
lookup('P_high',i,'s') = s_h
s_h=s_h+ds
i=i+1
Until i>=21
bcd=1
End
"Fluid Inputs"
R$='R245fa'
H$='Air_ha'
"Physical Constraints"
T_exh[1]=399.2
P_exh=101.3
P_high=2400
P_low=450
m_dot_exh=0.0519
m_dot=0.045
m_cond=0.27
//cp_h=cp(H$,P=P_exh,T=T_exh[1])
//cp_c=cp(R$,P=P_high,T=T[3])
"Hot Air Enthalpy Values"
h_exh[1]=enthalpy(H$,P=P_exh,T=T_exh[1])
h_exh_1=enthalpy(H$,P=P_exh,T=T[3])
h_3=enthalpy(R$,P=P_high,T=T_exh[1])
"Evaporator Heat Transfer Effectiveness Model"
q_evap1=m_dot_exh*(h_exh[1]-h_exh_1)
q_evap2=m_dot*(h_3-h[3])
//q_evap_max=q_evap2
q_evap_max=q_evap1
q_evap=epsilon_evap*q_evap_max
epsilon_evap=0.85

[C]
[kPa]
[kPa]
[kPa]
[kg/s]
[kg/s]
[kg/s]
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q_evap=m_dot_exh*(h_exh[1]-h_exh[2])
q_evap=m_dot*(h[4]-h[3])
T_exh[2]=temperature(H$,P=P_exh,h=h_exh[2])
"Expander Simplified Model"
T[4]=temperature(R$,P=P_high,h=h[4])
s[4]=entropy(R$,P=P_high,h=h[4])
s_4s=s[4]
h_4s=enthalpy(R$,P=P_low,s=s_4s)
eta_exp=0.7
eta_exp=(h[4]-h[5])/(h[4]-h_4s) {Used for convergence}
"Expander Outlet State"
T[5]=temperature(R$,P=P_low,h=h[5])
s[5]=entropy(R$,P=P_low,h=h[5])
h_5=enthalpy(R$,P=P_low,T=T[2])
h_2=enthalpy(R$,P=P_high,T=T[5])
"Regenerator Effectiveness Model"
//cp_h2=cp(R$,P=P_low,T=T[5])
//cp_c2=cp(R$,P=P_high,T=T[2])
q_regen1=m_dot*(h[5]-h_5)
q_regen2=m_dot*(h_2-h[2])
q_max_regen=q_regen2
//q_max_regen=cp_h2*m_dot*(T[5]-T[2])
q_regen=q_max_regen*epsilon_regen
epsilon_regen=0.3
q_regen=m_dot*(h[3]-h[2])
q_regen=m_dot*(h[5]-h[6])
"Regenerator Outlet States"
T[6]=temperature(R$,P=P_low,h=h[6])
s[6]=entropy(R$,P=P_low,h=h[6])
T[3]=temperature(R$,P=P_high,h=h[3])
s[3]=entropy(R$,P=P_high,h=h[3])
"Condenser Effectiveness Model"
T_cond[1]=25
h_cond[1]=enthalpy(H$,P=P_exh,T=T_cond[1])
h_1=enthalpy(R$,P=P_low,T=T_cond[1])
h_cond_2=enthalpy(H$,P=P_exh,T=T[6])
q_max_cond1=m_cond*(h_cond_2-h_cond[1])
q_max_cond2=m_cond*(h[6]-h_1)
q_max_cond=q_max_cond1
q_cond=q_max_cond*epsilon_cond
epsilon_cond=0.4
q_cond=m_dot*(h[6]-h[1])
q_cond=m_cond*(h_cond[2]-h_cond[1])
"Condenser Outlet States"
T[1]=temperature(R$,P=P_low,h=h[1])
x[1]=quality(R$,P=P_low,h=h[1])
s[1]=entropy(R$,P=P_low,h=h[1])
T_cond[2]=temperature(H$,P=P_exh,h=h_cond[2])
T_cond=t_sat(R$,P=P_low)
"Pump Simplified Model"
s_2s=s[1]
h_2s=enthalpy(R$,P=P_high,s=s_2s)
eta_pump=(h_2s-h[1])/(h[2]-h[1])
eta_pump=0.5
T[2]=temperature(R$,P=P_high,h=h[2])

[C]
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s[2]=entropy(R$,P=P_high,h=h[2])
"Power Calculations"
W_dot_pump=m_dot*(h[2]-h[1])
W_dot_exp=m_dot*(h[4]-h[5])
W_dot_net=W_dot_exp-W_dot_pump
"Cycle Efficiency Calculations"
eta_cyc=W_dot_net/q_evap
{eta_car=(T_exh[1]-T_cond[1])/T_exh[1]
epsilon_2nd=eta_cyc/eta_car}
"Hot Air Supply Conditions"
v_exh=volume(H$,P=P_exh,T=25[C])
v_100=volume(H$,P=100*convert(psi,kpa),T=25[C])
v_cond=volume(H$,P=P_exh,T=T_cond[1])
V_dot_cond=m_cond*v_cond
V_dot_exh=m_dot_exh*v_exh
V_dot_100=m_dot_exh*v_100
V_dot_cond_cfm=V_dot_cond*convert(m^3/s,cfm)
V_dot_exh_cfm=V_dot_exh*convert(m^3/s,cfm)
V_dot_exh_cfm100=V_dot_100*convert(m^3/s,cfm)
"Dead State Calculations"
T_0=25
h_exh_r[2]=enthalpy(H$,P=P_exh,T=T_0)
s_exh_r[1]=entropy(H$,P=P_exh,T=T_exh[1])
s_exh_r[2]=entropy(H$,P=P_exh,T=T_0)
"Second Law Efficiency Calculations"
E_a_evap1=m_dot_exh*(h_exh[1]-h_exh_r[2])
epsilon_2nd=W_dot_net/E_a_evap1
"Liquid Flow Calculations"
v[6]=volume(R$,P=P_low,h=h[6])
d[6]=0.25*convert(in,m)
A[6]=4*(d[6]^2*pi/4)
Vel[6]=v[6]*m_dot/A[6]
"Graphical Entropy Values"
s_exh[1]=s[4]
s_exh[2]=s[3]
s_cnd[1]=s[1]
s_cnd[2]=s[6]
"Procedure Calls"
Call lowplot(R$,P_low,s[1],s[5]:abc)
Call highplot(R$,P_high,s[2],s[4]:bcd)

SOLUTION
Unit Settings: SI C kPa kJ mass deg
abc = 1
bcd = 1
2nd = 0.0705
cond = 0.4
evap = 0.85
regen = 0.3
cyc = 0.1108
exp = 0.7

[C]
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pump = 0.5
Ea,evap1 = 20.02
H$ = 'Air_ha'
h1 = 232.5 [kJ/kg]
h2 = 608.2 [kJ/kg]
h2s = 271.9 [kJ/kg]
h3 = 854.5 [kJ/kg]
h4s = 607.7 [kJ/kg]
h5 = 273.1 [kJ/kg]
hcond,2 = 403.2 [kJ/kg]
hexh,1 = 395.3 [kJ/kg]
mcond = 0.27 [kg/s]
m = 0.045 [kg/s]
mexh = 0.0519 [kg/s]
Pexh = 101.3 [kPa]
Phigh = 2400 [kPa]
Plow = 450 [kPa]
qcond = 11.32 [kW]
qevap = 12.74 [kW]
qevap1 = 14.98 [kW]
qevap2 = 21.63 [kW]
qevap,max = 14.98 [kW]
qmax,cond = 28.31 [kW]
qmax,cond1 = 28.31 [kW]
qmax,cond2 = 78.15 [kW]
qmax,regen = 15.06 [kW]
qregen = 4.519 [kW]
qregen1 = 15.72 [kW]
qregen2 = 15.06 [kW]
R$ = 'R245fa'
s2s = 1.234 [kJ/kg-K]
s4s = 2.166 [kJ/kg-K]
T0 = 25 [C]
Tcond = 59.09 [C]
v100 = 0.1239
vcond = 0.8446 [m3/kg]
V100 = 0.006429
Vcond = 0.228 [m3/s]
Vcond,cfm = 483.2 [cfm]
Vexh = 0.04383 [m3/s]
Vexh,cfm = 92.88 [cfm]
Vexh,cfm100 = 13.62 [cfm]
vexh = 0.8446 [m3/kg]
Wexp = 1.55 [kW]
Wnet = 1.411 [kW]
Wpump = 0.1391 [kW]

11 potential unit problems were detected.
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4.918
3.392
3.469
3.553
3.604
3.737
4.015
4.065
4.15
4.357
4.369
5.532
5.762
5.801
5.976
6.128
6.206
6.244
6.516
6.736
6.864
5.132
4.869
5.066
5.312
5.262
5.501
5.551
5.704

Expander Power
Output

R1233zd(E)

Spinning Scroll

3000

[RPM]
3420
3360
3300
3240
3180
3120
3060
3000
3600
3540
3480
3420
3360
3300
3240
3180
3120
3060
3600
3540
3480
3420
3360
3300
3240
3180
3120
3060
3600
3540
3480
3420
3360
3300
3240
3180

Expander Pressure
Difference

Expander Rotational
Speed
[RPM]

Pressure Ratio

[-]

Pump Rotational
Speed

[-]

Working Fluid

Expander Type
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[kW]
0.3667
0.3639
0.4409
0.4427
0.4392
0.4634
0.4431
0.431
0.3015
0.3282
0.3265
0.3569
0.3806
0.4261
0.4334
0.4166
0.4503
0.4232
0.177
0.1652
0.1652
0.1664
0.1644
0.1667
0.1689
0.1667
0.1643
0.1564
0.2673
0.2356
0.2569
0.2311
0.2263
0.2463
0.2266
0.2183

[%]
36%
37%
44%
45%
45%
47%
41%
40%
30%
32%
31%
36%
40%
45%
46%
45%
48%
47%
16.1%
14.1%
14.1%
13.7%
14.3%
13.7%
13.8%
13.4%
12.4%
12.1%
24.0%
21.5%
24.2%
20.4%
20.7%
21.4%
19.8%
18.7%

[%]
4.84%
4.97%
5.96%
5.99%
5.85%
6.24%
5.99%
5.89%
3.49%
3.85%
3.83%
4.42%
5.01%
5.84%
6.00%
5.80%
6.05%
5.18%
2.31%
2.17%
2.23%
2.24%
2.37%
2.30%
2.35%
2.34%
2.20%
2.16%
3.56%
3.14%
3.48%
3.05%
3.10%
3.30%
3.10%
2.97%

[-]
2.641
2.488
2.273
2.242
2.164
2.248
2.451
2.52
2.79
2.719
2.718
2.604
2.407
2.205
2.142
2.106
2.005
2.039
5.035
5.027
4.897
4.962
4.593
4.812
4.807
4.758
4.949
4.743
3.407
3.550
3.278
3.338
3.241
3.258
3.216
3.210

R245fa

Oldham Ring

2400

3000

3600

Filling Factor

1800

[bar]
10.85
10.8
10.71
10.82
10.59
10.5
10.89
10.69
10.49
10.34
10.49
10.41
10.38
10.33
10.29
10.21
10.06
10.86
10.67
10.52
10.55
10.47
10.37
10.24
10.1
10.37
10.2
10.09
11.18
10.91
10.75
10.6
10.61
10.65
10.43
10.73
10.66

Cycle Efficiency

[-]
5.747
5.79
5.907
6.15
6.247
6.312
5.025
5.12
5.141
5.222
5.37
5.489
5.579
5.725
5.887
5.993
6.156
5.101
5.18
5.29
5.428
5.504
5.573
5.658
5.812
6.15
6.196
6.307
5.272
5.337
5.393
5.508
5.626
5.764
5.82
6.13
6.298

Expander
Isentropic
Efficiency

[RPM]
3120
3060
3000
2940
2880
2820
3360
3300
3240
3180
3120
3060
3000
2940
2880
2820
2760
3300
3240
3180
3120
3060
3000
2940
2880
2820
2760
2700
3300
3240
3180
3120
3060
3000
2940
2880
2820

Expander Power
Output

Pressure Ratio

[RPM]

Expander Pressure
Difference

Pump Rotational
Speed

[-]

Expander
Rotational Speed

[-]

Working Fluid

Expander Type
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[kW]
0.2275
0.2179
0.2007
0.2332
0.2164
0.2297
0.3682
0.3396
0.3476
0.3503
0.3409
0.3225
0.3071
0.3093
0.3296
0.317
0.2919
0.4449
0.4291
0.4393
0.422
0.4123
0.4113
0.4013
0.3925
0.4009
0.3776
0.3625
0.5014
0.509
0.4987
0.4997
0.4912
0.4842
0.4714
0.4607
0.4639

[%]
19.1%
18.1%
16.9%
19.3%
18.5%
19.7%
31.6%
29.8%
29.8%
23.8%
24.9%
26.8%
25.1%
25.5%
27.0%
23.6%
21.0%
34.6%
33.0%
34.4%
31.5%
30.9%
30.8%
34.3%
33.4%
32.9%
31.6%
30.8%
41.9%
43.3%
43.2%
40.4%
32.6%
39.5%
35.1%
33.7%
33.8%

[%]
3.06%
2.92%
2.75%
3.24%
3.09%
3.26%
4.86%
4.58%
4.55%
3.65%
3.85%
4.18%
3.92%
4.02%
4.37%
3.82%
3.40%
5.34%
5.05%
5.30%
4.89%
4.79%
4.77%
5.33%
5.23%
5.32%
5.13%
4.98%
6.49%
6.70%
6.68%
6.14%
5.03%
6.22%
5.54%
5.53%
5.60%

[-]
3.244
3.249
3.162
3.111
2.979
2.932
2.622
2.517
2.560
3.185
2.910
2.515
2.527
2.454
2.415
2.618
2.659
2.279
2.275
2.192
2.263
2.230
2.209
1.911
1.880
1.877
1.823
1.775
1.740
1.684
1.637
1.732
2.074
1.660
1.800
1.772
1.741

110

APPENDIX D: LIST OF PUBLICATIONS
Publications:
Lavernia, A., Ziviani, D., Shaffer, B., Bansal, K., & Groll, E. A. (2017). Optimization of an
organic Rankine cycle as bottoming cycle of a 1 kWe GENSET for residential
applications. Energy Procedia,129, 867-874. doi:10.1016/j.egypro.2017.09.210
Upcoming Publications:
Lavernia, A., Ziviani, D., Gafur, N., Shaffer, B., Bansal, K., & Groll, E. A. (2018). Testing of
R245fa and R1233zd(E) in a High Temperature Waste Heat Recovery Application Utilizing
a Scroll Expander. HFO 2018, Sept 2-5.
Presentations:
Lavernia, A., Ziviani, D., Gafur, N., Shaffer, B., Bansal, K., & Groll, E. A. High Temperature
Waste Heat Recovery from GENSETS with Integrated Pump-Expander Assembly. EORCC
2017, Nov 15-17. Section Presentation.
Lavernia, A., Ziviani, D., Gafur, N., & Groll, E. A. Testing of R245fa in a High-Temperature
Waste Heat Recovery ORC Utilizing a Scroll Expander. IAC 2017, Oct 14. Poster
Presentation.
Kim, D., Ziviani, D., Braun, J., & Groll, E.A. A moving Boundary Modeling Approach for Heat
Exchangers with Binary Mixtures. ORC 2017, Sept 13-15. Guest Presentation.
Lavernia, A., & Groll, E. A. Organic Rankine Cycle as Bottoming Cycle for Waste Energy
Recovery from an Internal Combustion Engine. IAC 2016, Oct 12. Poster Presentation.

